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Abstract

This thesis investigates the application of polyelectrolyte multilayers in plasmonics
and picosecond acoustics. The observed samples were fabricated by the spin-assisted
layer-by-layer deposition technique that allowed a precise tuning of layer thickness
in the range of few nanometers.

The first field of interest deals with the interaction of light-induced localized surface
plasmons (LSP) of rod-shaped gold nanoparticles with the particles’ environment.
The environment consists of an air phase and a phase of polyelectrolytes, whose
ratio affects the spectral position of the LSP resonance.

Measured UV-VIS spectra showed the shift of the LSP absorption peak as a function
of the cover layer thickness of the particles. The data are modeled using an average
dielectric function instead of the dielectric functions of air and polyelectrolytes. In
addition using a measured dielectric function of the gold nanoparticles, the position
of the LSP absorption peak could be simulated with good agreement to the data.
The analytic model helps to understand the optical properties of metal nanoparti-
cles in an inhomogeneous environment.

The second part of this work discusses the applicability of PAzo/PAH and dye-
doped PSS/PAH polyelectrolyte multilayers as transducers to generate hypersound
pulses. The generated strain pulses were detected by time-domain Brillouin scatter-
ing (TDBS) using a pump-probe laser setup. Transducer layers made of polyelec-
trolytes were compared qualitatively to common aluminum transducers in terms of
measured TDBS signal amplitude, degradation due to laser excitation, and sample
preparation.

The measurements proved that fast and easy prepared polyelectrolyte transducers
provided stronger TDBS signals than the aluminum transducer. AFM topography
measurements showed a degradation of the polyelectrolyte structures, especially for
the PAzo/PAH sample.

To quantify the induced strain, optical barriers were introduced to separate the
transducer material from the medium of the hypersound propagation. Difficulties
in the sample preparation prohibited a reliable quantification. But the experiments
showed that a coating with transparent polyelectrolytes increases the efficiency of
aluminum transducers and modifies the excited phonon distribution.

The adoption of polyelectrolytes to the scientific field of picosecond acoustics enables
a cheap and fast fabrication of transducer layers on most surfaces. In contrast to
aluminum layers the polyelectrolytes are transparent over a wide spectral range.
Thus, the strain modulation can be probed from surface and back.



Zusammenfassung

Diese Doktorarbeit behandelt die Verwendung von Multischichtsystemen aus Po-
lyelektrolyten in den Fachgebieten der Plasmonik und der Pikosekunden-Akustik.
Die verwendeten Proben wurden mit dem Spincoater-gestiitzten Layer-by-Layer-
Verfahren hergestellt. Diese Methode erméglichte die Einstellung Schichtdicke mit
einer Prézision von wenigen Nanometern.

Im Bereich der Plasmonik wurde die Wechselwirkung von Oberflaichenplasmonen
stabformiger Gold-Nanopartikel mit deren Umgebung untersucht. Diese Umgebung
bestand aus zwei Phasen: Polyelektrolyte und Luft. Das Volumenverhéltnis der Ma-
terialien bestimmte die spektrale Position des Oberflichenplasmons.

Bei zunehmender Einbettung der Goldpartikel zeigten die gemessenen UV-VIS Spek-
tren eine Rotverschiebung der Plasmonenabsorption. Es wurde ein Modell entwi-
ckelt, das die inhomogene Umgebung der Partikel durch eine mittlere dieelekrische
Funktion beschreibt. Nachdem die dielektrische Funktion der Goldpartikel in sepa-
raten Messungen bestimmt waren, konnte die Lage der Plasmonenabsorption be-
rechnet werden. Die Berechnungen stimmten dabei mit den Messwerten iiberein.
Mit diesem analytischen Modell ist es moglich, die optischen Eigenschaften von me-
tallischen Nanopartikeln in einer inhomogenene Umgebung zu verstehen.

Der zweite Teil dieser Arbeit diskutiert die Anwendbarkeit von polyelektrolytischen
Multischichten aus PAzo/PAH bzw. Porphyrin-dotiertem PSS/PAH fiir die Erzeu-
gung von Hyperschallpulsen. Die erzeugten Schallpulse wurden durch zeitaufgeloste
Brillouin-Streuung in einem sogenannten pump-probe Aufbau detektiert. Schaller-
zeugende Schichten aus Polyelektrolyten wurden mit Wandlern aus Aluminium ver-
glichen.

Die Messungen zeigten, dass die Polyelektrolyte sehr gut fiir die Erzeugung von
Schallpulsen geeignet sind. Der einfachen Probenpréparation und der guten Effi-
zienz steht jedoch eine geringe Zerstorschwelle gegeniiber. AFM-Messungen zeig-
ten besonders bei den PAzo/PAH Multischichten sehr starke Verdnderungen in der
Struktur.

Eine Quantisierung der induzierten Schallamplitude sollte durch eine optische Tren-
nung von Wandler und Propagationmedium erreicht werden. Da die Trennschichten
auch eine akustische Abkopplung bewirkten, lielen sich die Schallamplituden nicht
bestimmen. Es wurde jedoch festgestellt, dass sich die Effizienz eines Aluminium-
Wandlers durch das Aufbringen transparenter Polyelektrolytschichten deutlich stei-
gern lésst.

Die Herstellung von Ultraschall-Wandlern aus Polyelektrolyten erweitert die Mog-
lichkeiten der Pikosekunden-Akustik. Zum einen konnen diese Wandler schnell und
kostengiinstig direkt auf fast jeder Oberfliche aufgebracht werden. Zum anderen
sind Polyelektrolyte in einem breiten Spektralbereich transparent. Das ermoglicht
Messungen von der Vorderseite, die bei herkémmlichen Aluminium-Wandlern nicht
oder nur schwer realisierbar sind.
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1 Introduction

During the second half of the 20th century, artificial structures became smaller and
smaller. In the 1980ies the size limit of 100 nanometer was undercut, marking
the birth of nanotechnology [I]. This work focuses on structures of less than 100
nanometer size. In this range, the ratio of surface and volume is several orders of
magnitude larger compared to macroscopic objects. Thus, the physical properties
are dominated by the surface [2]. Especially nanoparticles of noble metals can
catalyze chemical reactions [3,4]. The strong electric fields at the particles’ surfaces
provide surface-enhanced Raman spectroscopy [5]. Very recently, gold nanostars
were simultaneously used to catalyze a chemical reaction and detect the products
[6].

Another exceptional property of metal nanoparticles is the so-called localized surface
plasmon. Since the particles are smaller than the wavelength of visible light, the
electron gas within the particle follows the external electromagnetic field. In reso-
nance, a strong absorption occurs, that exceeds the absorption of bulk metal. The
spectral position is well-defined and sharp. It depends on size and shape of the parti-
cle and can be tuned by changing the environment. For spherical gold nanoparticles,
the localized surface plasmon resonance (LSPR) is located in the range of 500 nm.
These particles can be easily excited and heated with green lasers, enabling medical
applications as drug delivery [7, 8, 0] and treatment of cancer cells [10} [1T].

The research on interfaces is another focus of nanoscience. By modifying the surface,
characteristics of the initial material can be changed. Examples are the growth of
nanostructures, providing hydrophobicity [12, 13|, [I4], changing the surface charge
[15] or reactivity [16, 17], and influence the biocompatibility of implants [I8, [19].
The desired properties are achieved by structuring the surface or adsorption of func-
tional materials.

In 2007, the work group wultrafast dynamics of condensed matter (UDKM) of Pots-
dam University started the research on nanostructures with incorporated gold nanopar-
ticles, driven by a cooperation with the Max Planck Institute of Colloids and Inter-
faces. All nanostructures were fabricated by the versatile method of layer-by-layer
(LbL) deposition, first introduced by Decher et al. [I5]. The dip-coating method
was replaced by the much faster spin-assisted LbL technique. Both methods produce
well-stratified multilayers of polyelectrolytes with an accuracy of few nanometers
[20, 21]. By adjusting the thickness of the polyelectrolyte spacer between adjacent
layers of gold nanoparticles, the particle interaction could be measured as a func-
tion of distance [22]. Sequentially embedding of spherical particles into transparent
polymer results in a red shift of the strong LSPR absorption peak. This peak shift
can be explained by the change of the dielectric environment. It is predictable by
effective medium theories, but all theories demand a homogeneous environment of
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the particles.

Another field of UDKM’s research is the generation, detection, and simulation of
hypersound strain waves. Samples, usually made of crystalline perovskites struc-
tures such as SRO or LSMO, were analyzed via time-domain Brillouin scattering
(TDBS) experiments. Basing on the accumulated experience and expertise with
polyelectrolyte multilayers, this work first reproduced such TDBS experiments with
non-crystalline polyelectrolyte samples. Therefore, the azobenzene-containing poly-
electrolyte PAzo was introduced.

The cis-trans-isomerization of azobenzene due to light absorption was first described
in 1937 [23]. During the second half of the 20th century, there was a wide field
of research to apply azobenenes as molecular switch [24] 25, 26], for data storage
[24], 27, 28], surface reliefs [29] and other applications [30} BI]. Within the last two
decades the upcoming ultrafast laser technology gave us the possibility to study the
switching process on ultrashort timescales [32]. In solution, the isomerization oc-
curs within one picosecond [32]. This ultrafast switching process raised the question
whether azo molecules are more effective for strain generation than other molecules.
The generation of strain by ultrafast excitation of thin films of polymers was first
reported by Vardeny in 1988 [33], and continued by others |34 [35].

This work treats two topics: The interaction of gold nanoparticles with their sur-
rounding medium and picosecond acoustics. Both topics are different, but connected
via the application of LbL technique for sample preparation. This work is structured
as follows:

Chapter [2] explains the origin of the strong LSPR of gold nanoparticles and in-
troduces the Maxwell-Garnett effective medium theory. This chapter also explains
Brillouin scattering that is utilized for the detection of hypersound strain waves.
The fabrication and characterization of samples are illustrated in chapters |3| and
[ respectively. Chapter [f] introduces a model that explains the optical properties
of partially embedded particles. The dielectric functions of polyelectrolytes and air
are replaced by an average function. Since the LSPR shift is much stronger for
elongated particles than for spheres, we studied gold nanorods. Chapter [0] discusses
the mechanical switching of azo-groups by comparing azo-containing polymer lay-
ers with other thin films made of polyelectrolytes or aluminum, respectively. The
powerful layer-by-layer technique is used once more to tailor acoustic actuators with
high precision.



2 Theoretical Background

2.1 Dielectric Function

The polarization and dissipation of electromagnetic waves in a medium are charac-
terized by the dielectric function e. If € is known, one can calculate optical properties
such as absorption and reflection spectra of this material. The key to deriving the
dielectric function is the electronic polarization density P(w) = eyxE(w) that is
connected with the external electric field E' by the susceptibility x. This x defines
the dielectric function by a simple addition € = 1 + .

The theoretical approach to explain the electronic system of a material starts with
a harmonic oscillator model. This model describes the motion of electrons in an
oscillating external electric field. The origin of the complex refractive index and
dielectric function are explained by this model.

The first step to derive the polarization density is to calculate the displacement of
electrons due to the external electric field E. The equation of motion of the electrons
is

5%z dx :
Me—s + Ml — + ax = eBe ™" 2.1
° 512 ot 21)
with electron mass m,. and scattering rate I'. The term a -  describes the restoring
force with displacement z and linear force constant a. The constant a defines the

eigenfrequency wy = a/m. at which the system is excited in resonance. The solution

of equation [2.1]is
—e/m,

zr(w) = E(w) (2.2)

w? —iwl
Multiplication by e leads to the induced dipole moment p(w) = —ex(w). It defines
the total polarization density P(w) = n.p(w) and results in
—e?/m,
Pw)=n.—"—=FE 2.

(@) = ne s o) (2.9
The dielectric function is related to this induced polarization density by P = €y(e —
1)E(w). Real and imaginary parts are

2 2
_ 2 (wp —w?)
& =1+w, (08 — W) + T2 and (2.4a)
r
€ = —u? - (2.4D)

(Wg _ w2)2 + w22 ’

where wg = n.e?/eym, is the squared plasma frequency of the material. Figure m
shows a plot of equation The imaginary part ¢; is located at wy. It has the
shape of a Lorentz distribution function.
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Figure 2.1: Real and imaginary part of the dielectric function of a harmonic os-
cillator (a). The plot is based on equations 2.4, Figure b) shows the
electron displacement in a metal nanoparticle due to an external elec-
tric field. The resonant oscillation of these electrons is called localized
surface plasmon.

In case of more than one absorption mechanism, the total susceptibility is the sum
of all contributions. For bulk gold, there are two mechanisms: The intraband ab-
sorption and the interband excitation. This results in €e = 1+ x;5 + xps. The next
two paragraphs explain both mechanisms in detail.

Intraband Contribution in Bulk Gold The excitation of free electrons within the
conduction band is described by the intraband susceptibility. In contrast to equation
2.1] there is no Coulomb restoring force for electrons in bulk noble metal. The force
constant a and therefore the eigenfrequency is zero. With these conditions, equation
2.4 shortens to

1

2
€ = 1-— u}pm and (25&)
r
= 2.5b
‘ wpw(cﬂ +17?) (2.5b)

Both equations exhibit a resonance at w = 0. This contribution to the bulk metal
dielectric function is called Drude part. To consider the influence of the ionic lattice
on the conduction electrons, the effective electron mass m.s¢ can be used instead of
m.. The imaginary part of the dielectric function is proportional to w and hence,
the Drude absorption dominates in the infrared spectral range where w is low.

Interband Contribution The transition of electrons from the filled d-band to the
partly filled sp-band of bulk gold is called interband excitation. Band structure
calculations from Guerrisi et al. are shown in figures and 2.2b. The calculated
dielectric function and experimentally derived values from Johnson and Christy

10
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Figure 2.2: Band structure of bulk gold, calculated by Winsemius et al at X-point
(a) and L-point (b) of the Brillouin zone (modified after reference [36]).
The calculated dielectric function is plotted as solid line in (¢). The data
points were measured by Johnson and Christy [37].

are plotted in figure [36, 37]. Below 2eV, the Drude intraband absorption of
bulk gold contributes to the dielectric function whereas above 2.2eV the interband
transitions dominate.

Dielectric Function of Gold Nanoparticles The size of a nanoparticle is below
100 nm and thereby much smaller than the wavelength of irradiation. The motion
of electrons in a gold nanoparticle differs from that in bulk metal. As depicted
in figure 2.1D] they can not be assumed as free electrons since restoring coulomb
forces bind them to the lattice ions. In other words, the linear force term ax in
equation [2.1] is not zero. Consequently, an eigenfrequency wy exists, describing a
collective oscillation of the electrons around the fixed lattice ions. This leads to the
strong resonant absorption of metal nanoparticles. Aside from this so-called localized
surface plasmon resonance (LSPR), the oscillator strength decreases rapidly to zero
(see fig. [2.1a]) yielding to transparency in the infrared. For higher energies, the
surface plasmon absorption changes over to the weaker intraband absorption.

Since gold nanoparticles are much smaller than the wavelength of light, the in-
teraction of this particle with the electromagnetic field can be approximated as
a quasi-static problem. The phase of the harmonically oscillating electromagnetic
wave is supposed to be constant over the particle volume. This reduces the problem
to a particle in an electrostatic field. The harmonic time dependence can be easily
added to the static solution. To calculate the electric field E = —V®, one has to

11
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solve the Laplace equation V2® = (. For spherical particles, the potential ® is [38]

3€m
@m;:-€+zﬁnﬂbram9 (2.6a)

4cos0

€ — €m
®,c = Eorcosf + Eya®—.

€+ 2¢,, r

(2.6b)

The dielectric functions of particle and medium are ¢ and €,,, respectively and a
is the radius of the sphere. The angle 6 determined from the axis of the external
electric field Ey and distance r are the spatial coordinates. Equation is notable:
®,.; specifies the superposition of the external field and the field of a dipole located
at the particle center. Introducing the dipole moment p leads to

p-r

D, = E 0+ ——: 2.7
! oTCoSE + ATEQE, T3 (2.72)
4 Cmop (2.7b)
= 4dmepen, : :
p 0 et 2 0

Equation shows that the magnitude of the induced dipole moment inside a
sphere is proportional to |Ey|. Via p = €ye,,aFy the polarizability can be introduced

€— €m
€+ 2¢,,

o = 4ra’ (2.8)
Finally, equation describes the polarizablility of a sphere of sub-wavelength size
in the electrostatic approximation. The resonance term is known from the Clausius-
Mossotti relation. It plays a central role in the effective medium theory. Equations
describe the dielectric function deduced from the harmonically oscillating con-
duction electrons of the metal. This is valid for a single particle in vacuum, but a
more realistic approach takes the surrounding medium into account. Several theories
were developed since the beginning of 20th century. All of them treat the particle
and its environment as homogeneous effective medium with dielectric function €.z.
Good results are obtained, if the included metal particles are much smaller than the
investigated wavelength of the light. In this work, the Maxwell-Garnett effective
medium theory developed by J.C.M. Garnett is applied. It connects the resonance
term given in equation with a filling factor f and the dielectric function of the
medium €,,:

€€ff :€m+3f'€mw. (29)
Eparticles T 2€m

The filling factor is defined as the ratio of particle volume and total sample volume:

‘/particles
= 2.10
f V;)articles + Vm ( )

The Maxwell-Garnett formula was developed for small filling factors (f < 1072),
but experiments proved that it is also applicable to higher values of f [39, 40]. The
formula is restricted to spherical particles and disregards their size. In this case, the
plasma frequency w, is related to wy by

Wp

T (2.11)

Wy =

12
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It describes the position of the absorption peak, depending on the surrounding
medium. The change from vacuum to medium results in a red-shifted peak. The
surface plasmon absorption changes dramatically, if the shape of the nanoparticle
is different. Elongated spheres (spheroids) or nanorods show two absorption peaks:
one for the transverse plasmon and one for the oscillation along the length axis
(longitudinal plasmon). According to equation one would expect a dependence
only on the respective dimension of the particle. In fact, the longitudinal plasmon
frequency strongly depends on the aspect ratio R = A/B with length A and width
B = C < A whereas the transverse plasmon frequency is quite fixed [41] [42] [43].
The depolarization factors P; explain these effects. They are defined as

1—¢€2[1 1+e
Py=— {% In <1 ) — 1] (2.12a)

[ — €
1-Py
2

Py = P (2.12Db)

with factor e = v/1 — R2. Resonant absorption occurs, when the condition

€particle = _% = —Ui€m (213)

is fullfilled [43]. If €particie and €, are known, the position of the absorption peak
can be determined. The transverse plasmon peak is located around 2.4eV (517 nm)
and the longitudinal peak can be observed in a wide range from visible to the near
infrared light. With decreasing aspect ratio, the shape factor u; in equation [2.13
converges to a value of 2. This results in the resonance condition of spherical particles
known from equation [2.8] The imaginary part of the particles’ dielectric function
Im(€éparticie) determines the intensity of the resonance. The smaller I'm(€particie)
at the resonance w is, the closer the denominator value approaches zero and the
resonance increases. The scattering rate I' of equations and is equal to
the linewidth of the resonance. It is connected to the relaxation time 7 of the
electrons by I' = 27 /7. The relaxation of excited electrons bases on scattering with
other electrons (e-e), phonons (e-ph), surfaces (e-sf), and impurities (e-imp). All
contributions sum up to I' = 27r(— + 1 L

1
Te—e Te—ph Te—sf Te—imp

2.2 Birillouin Scattering

The scattering of light from acoustic phonons is called Brillouin scattering. It can be
interpreted as the interaction of light with time-dependent variations of the refrac-
tive index. The refactive index can vary due to thermal fluctuation of the lattice,
by acoustic modes (phonons), or magnetic modes (magnons) [44]. This work fo-
cuses on the interaction of ultrashort light pulses with optically synthesized phonon
wave packets. Figure a) sketches a typical Brillouin scattering experiment. The
transducer layer releases a strain wave that propagates into the medium at speed
of sound. These wave packets can be assumed as Bragg grating with lattice con-
stant dg = 2mvg/wg where vg is the sound velocity and wg is the phonons angular

13
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‘transducer Iaye%\<1 00nm

medium

(a) (b)

Figure 2.3: Scheme of a Brillouin scattering experiment (a). The excited transducer
layer generates a strain pulse that propagates into the substrate at speed
of sound. Light scatters from this strain wave and interferes with the re-
flection from the transducer interfaces. Constructive interference occurs,

if the Laue condition (b) is fulfilled.
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o
|

o
(8)]
L

©
o
L

phonon density [a.u.]
o

0.0 0.1 0.2 0.3 04
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Figure 2.4: Phonon spectra of bipolar strain pulses with lengths of 50nm and

100 nm, respectively. The optically accessible range of the phonon spec-
tra is marked by the grey background.
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2.2 Brillouin Scattering

frequency [45]. Optical photons with incident angle § and wavelength \,, = A/n(\)
are diffracted if they fulfill Bragg’s law

Am = 2dgsinf . (2.14)
In reciprocal space, the Laue equation is equivalent
Q=kK—k . (2.15)

It describes the scattering of light with wave vector kat a phonon with wave vector
@. Figure b) shows the corresponding vector diagram. In the dimension of
phonon propagation, equation shortens to @ = 2k with kj = kcosf. Using
the relation

k=) (2.16)

results in 4
Q) = Tﬂn()\) cosf (2.17)

This equation calculates the phonon wave vector that can be measured with given
angle and probe wavelength.

The Fast Fourier transformation (FFT) of a bipolar strain pulse results in spectral
phonon density with an amplitude of

4sin? (2d Q)
Appr = w (2.18)

with wave vector

_ Amvgn(N)cos B wg

Q'(A) = EQ(A) (2.19)

’UT)\

Thickness and sound velocity of the transducer are dp and vr, respectively, whereas
B describes the angle of incident light within the medium. Figure [2.4] exemplifies the
phonon spectra for two different transducer thicknesses dp. The optically accessible
range is limited to the first maxima.

According to equations [2.14] and 2.15] a part of the supercontinuum probe pulse
scatters from the phonon wave packet. This part interferes with the static reflections
from sample interfaces, while the moving sound pulse causes a phase shift. The result
is a time-dependent modulation of the reflected intensity with a period of

Ts(\) = WA)CM (2.20)

Such time resolved measurements are shown in chapter [6]
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3 Experimental Methods I: Sample
Preparation

In this work several nanolayered structures are discussed. Most of them are made
of polymers, some contain gold nanoparticles, and some consist of a thin metal film.
All of them are self-made in our laboratories using different methods. This chapter
introduces the employed materials, gives theoretical background for sample prepa-
ration techniques, and explains the steps from making-off to the characterization of
a new sample.

3.1 Materials

3.1.1 Polyelectrolytes

The different types of polyelectrolytes employed in this work, are listed in table
and schematically shown in figure [3.1] They are purchased from Sigma-Aldrich
(Germany) and used without any further treatment, if not pointed out different.
Poly(ethyleneimine)(PEI) is a polymer with 1500 repetition units. The monomer
molar mass is 474.75g/mol. Due to its branched structure PEI easily adsorbs on
smooth surfaces providing a homogeneous distribution of surface charges. Therefore
it is used as first layer on cleaned substrates. In water the protonation of amino side
groups yields a positive surface charge. Poly(allylamine hydrochloride)(PAH) is a
linear polyelectrolyte. The molar mass of a monomer is 93.56 g/mol. In aqueous
solution it is positively charged. Poly(sodium 4-styrenesulfonate)(PSS) is an anionic
polyelectrolyte with monomer molar mass of 206.19 g/mol. Before application, it
was dialyzed to remove PSS fragments with few repetition units. By this treatment,
the color of the PSS flakes turns from yellowish to white. Poly[1-[4-(3-carboxy-
4-hydroxyphenylazo) benzenesulfonamido|-1,2-ethanediyl, sodium salt](PAzo) is an
anionic polyelectrolyte containing azobenzene side chains. Therefore, it absorbs light
in the near UV. The molar mass of a monomer is 369.33 g/mol.

Polyelectrolyte Abbreviation | M, [kDa] | charge
Poly(ethyleneimine) PEI 750 positive
Poly(allylamine hydrochloride) PAH 58 positive
Poly(sodium 4-styrenesulfonate) PSS 70 negative
Poly/[1-[4-(3-carboxy-4-hydroxyphenylazo) PAzo n/a negative
benzenesulfonamido]-1,2-ethanediyl, sodium salt|

Table 3.1: List of polyelectrolytes that were used for sample preparation

17
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Figure 3.1: Molecular structure of polyelectrolytes

3.1.2 Gold Nanoparticles

Gold nanoparticles have been used much longer than they are known. Since many
centuries they give a bright red color to church windows. But the reason for that
color differing so much from bulk gold was not understood till the beginning of
the 20th century [46]. In this work, two types of particles are considered: gold
nanospheres (GNSs) and gold nanorods (GNRs).

Gold Nanospheres Spherical gold nanoparticles can be produced by the wet-
chemical reduction of hydrogentetrachloroaurate (HAuCly) with trisodium citrate
[47]. Solution of HAuCly (¢ = 0.005% wt.) is heated to the boiling point. When
citrate solution is added under continuous stirring, the color of the mixture turns
to blue, indicating a nucleation of gold atoms. After several minutes, monodisperse
particles are formed and the color turns to dark red. The particle size depends
on the amount of the sodium citrate. A higher concentration yields to a decrease
of particle size [48, [49]. This procedure was first proposed by Hausner and Lynn
in 1940 [47] and realized some years later by Turkevich et al. [50]. With slight
modifications, it is still in use.

For this work, suspensions of GNSs were purchased from Sigma-Aldrich and BBI
Solutions. Particles from Sigma-Aldrich were used as received. In pretests, some
particles from BBI Solutions did not adsorb to our multilayer films. This prob-
lem could be solved by adding 0.01M of HCl. The lower pH value causes more
protonations of the NHy-groups [51]. Thus, the electrostatic attraction between the
NH,-groups of the PAH and the COOH-groups of the gold particle shell is enhanced.

Gold Nanorods Gold nanorods employed in this work were self-fabricated using
a slighty modified seeded growth method reported by Sau and Murphy [52]. For
the preparation of GNRs, a seed solution is necessary. It consists of a mixture of
aqueous HAuCly, solution and cetyl trimethylammonium bromide (CTAB) to which
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3.1 Materials

solution of NaBHjy is added. The growth solution is a mixture of aqueous solutions of
HAuCly, AgNO3, and CTAB to that ascorbic acid and HCI are added sequentially.
Finally, seed and growth solutions are mixed and the particles grow within several
hours. Depending on the amount of chemical reagents, the wavelength of longitu-
dinal plasmon resonance varies between 840 nm and 768 nm. To gain particles with
absorption at lower wavelength, the aspect ratio has to be decreased. Therefore,
glutathione is selectively bound to the ends of the GNRs. Exposed to growth solu-
tion, the particles grow in thickness whereas the glutathione prevents the growth in
length. All particles are stabilized by a shell of the surfactant CTAB. To make the
particles applicable to layer-by-layer deposition, a treatment with PSS is necessary.
Therefore, the same amount of PSS solution (c¢,; = 0.2%, 0.01 M NaCl) is added
dropwise to the continuously stirred GNR suspension. Afterwards, free CTAB and
PSS molecules have to be removed by centrifugation. After 15 minutes at 8000 rpm
(= 10%g), the PSS-covered particles and the remaining solution are separated. The
clear solution is replaced with purified water. After a second centrifugation step,
the solution has to be removed. The remaining highly concentrated GNRs are re-
dispersed in 0.2 M NaCl solution. The final solution has to be stored at 4°C.

3.1.3 Substrates

The construction of nanostructures has high demands on the substrate. The sur-
face roughness has to be lower than several nanometers. The material should be
transparent for spectroscopy and conductive for scanning electron microscope (SEM)
measurements.

Substrates for Optical Measurements The requirements for optical applications
are best fulfilled by fused silica substrates. This glass is made of pure SiO, by melting
quartz and recooling it in an amorphous structure. The absence of additives leads
to excellent transmission in UV-VIS range from 300 nm to 2000 nm. Polished discs
of fused silica were purchased from TedPella Inc. (USA). Measurements with AFM
show very smooth surfaces on a nanometer scale. The discs have a size of 1 inch
in diameter and a thickness of ! /g inch. Thinner substrates are not practicable. To
avoid interference effects or a diluted signal, it is necessary to block backside’s reflex
for most reflectivity measurements. For an incident angle of 60°, this can be easily
done by knife edge or iris diaphragm, if the sample is not too thin.

Since fused silica is non-conductive, it is inappropriate for high-resolution SEM
measurements.

Substrates for SEM Measurements For SEM measurements mainly silicon wa-
vers were used as substrate. Old mirrors from the optic labs also fulfill both re-
quirements of conductivity and planarity. If SEM and optical measurements are
demanded, a glass slide with a layer of indium tin oxide (ITO) can be used. But
here, the substrate surface is scaly.
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3 Experimental Methods I: Sample Preparation

3.2 Sample Preparation

3.2.1 Polyelectrolyte Multilayer Structures

Structures composed of individual layers are called multilayers. Depending on the
material, the layers may be stratified - as it is the case for most of the samples in
this work - the layers penetrate each other on a length scale of about 10nm [20].
The binding forces between the layers are caused by different effects. Hydrogen
bonding, van der Waals interaction, m — 7 bonding and donor-acceptor bonding are
weak interaction forces. Multilayers are more stable, if the layers bind by strong
coulomb forces. This is the case for polyelectrolytes that are used in this work.
These molecules combine the structure of a polymer with the electrostatic proper-
ties of an electrolyte. They consist of a linear or cross-linked hydrocarbon backbone
and different, charged side chains. Polyelectrolytes are composed of identical repe-
tition units, each carrying a positive or negative charge if dissociated in water. In
aqueous solution, some side chains release an ion by an entropy driven process. The
rate of released ions depends on the pH value and can be influenced by adding hy-
drochloric acid (HCI) or sodium hydroxide (NaOH) [51]. The remaining counterpart
is a charged polyelectrolyte that easily attaches to an oppositely charged surface.
The alternating assembly of single layers of polyanions and polycations is known
as layer-by-layer technique (LbL). This powerful method is well-known for many
years. It started with the work of Iler in the 1960s, who built multilayers of charged
colloidal particles [53]. Later on, single molecules and finally polyelectrolytes were
applied [54, [15]. The simplicity of this method and the possibility to fabricate very
smooth layers with tunable layer thickness on nanometer scale attracted broad in-
terest. The number of publications concerning LbL technique rose from 2 in 1993
to 304 in 2014 (see fig. EI New deposition methods were developed and the
influence of fabrication parameters was studied.
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Figure 3.2: Number of publications concerning layer-by-layer deposition of polyelec-
trolytes during the last years.

When UDKM group started research in nanolayered structures, first samples were
prepared by the dip-coating method. Since this is rather slow we switched to spin-
assisted LbL technique (see . Another common method is spray-coating. The
physical process is the same for all three cases and can be explained by competitive
ion pairing [55].

Found in web of knowledge database (www.webofknowledge.com) on 6th January 2015.
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3.2 Sample Preparation

Schlenoff et al. reported that the binding energy is proportional to the number of
released water molecules [56]. These water molecules form a hydration shell around
polyelectrolyte in solution. Since every segment of the polyelectrolyte carries one
charge, the resulting multilayer systems is very robust.
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Figure 3.3: This scheme represents the adsorption of charged polyelectrolytes (PE)
to an oppositely charged surface. The screening of charges by counter
ions plays an important role for the layer-by-layer deposition technique.
Pictures (a) and (b) show the attachment of a negative charged PE. In
(¢) the counter ions are solved in pure water and washed away. Pictures
(d) to (f) show the same process for the next layer of an oppositely
charged PE.

Influence of NaCl to Layer Growth The growth of polyelectrolyte multilayers is
depicted in figure[3.3] It considers aqueous solutions of the respective polyelectrolyte
and its counterions (Na® or C17). Some surface charges on the polymer chain are
screened by these counter ions, so it binds weakly to an oppositely charged surface.
Rinsing with pure water releases the ions. This increases the degrees of freedom
and therefore the entropy rises. Finally, the counter ions are washed away and the
molecule binds to the surface.

This process runs slightly different, if sodium chloride (NaCl) is added to the aque-
ous solution of polyelectrolytes. The presence of small ions (Nat, C17) results in
a complete screening of the molecules and many free counter ions. If the solution
is exposed to an oppositely charged surface, the counter ions attach to it and the
molecules adsorb by strong coulomb interaction between the screening ions. Rinsing
with pure water results in an increase of entropy as described before. Lvov et al.
demonstrated that adding NaCl to the polyelectrolyte solutions improves the adsorb-
ing process. Thereby, the amount of NaCl is secondary as long as the concentration
of NaCl reaches the critical limit [57, 58].

Thickness of PE Multilayers In this work, the smallest repetition unit in a mul-
tilayer sample consists of one layer of polyanions (PSS) and one layer of polykations
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3 Experimental Methods I: Sample Preparation

(PAH or PAzo, respectively). In the further course of this work, such a unit will be
considered as one double layer (DL). The thickness of a typical double layer is 2.5 nm
for PSS/PAH and 4.5nm for PSS/PAzo, both confirmed with AFM, ellipsometry,
and X-ray reflectivity measurements [59]. Due to self healing effect of layer defects,
there is no limit to the layer number [59]. We fabricated samples of several hundred
DLs and multilayer systems of more than 1000 layers were reported [60].

Applications of PE Multilayers Layers of polyelectrolytes are interesting for many
applications. They are used as functional surface coatings [61], for biomedical de-
vices as implantates [62], 63] or drug delivery [64, [65], antireflective coatings [66] or
Bragg-reflectors [67], and many more [68], 69].

A broad field of literature reports on embedded nanosized objects such as metal
nanoparticles, core-shell particles or quantum dots. This technique is also used for
organic objects like proteins, DNA, and charged viruses.

This work investigates the applicability of polyelectrolytes as optomechanical trans-
ducer for hypersound experiments, treated in chapter [0}

Multilayers of PSS/PAH are also suitable to embed gold nanoparticles. The parti-
cles bind to the polyelectrolytes by coulomb interaction. Additional layers of poly-
electrolytes cover the particles until they are completely embedded. This stepwise
process enables the understanding of interaction between particle and environment
on a nanometer scale, discussed in chapter [5

3.2.2 Cleaning

The construction of nanostructures requires a clean substrate’s surface. A fast clean-
ing method is an ultrasonic bath in acetone for one minute, followed by rinsing with
pure water and nitrogen drying. But some sonicated substrates cannot be wetted
with PEI solution and therefore multilayers can not be grown. To avoid this, glass
or silicon substrates were immersed in peroxymonosulfuric acid HySOj, so-called
piranha solution. This strongly oxidizing acid adds silanol groups to the surface,
making it more hydrophilic [70]. Piranha solution has to be freshly prepared for ev-
ery use by adding 1 part of concentrated sulfuric acid HoSO4 to 3 parts of aqueous
hydrogen peroxide solution HyOs (c=30%)P} The mixture will become hot and is
very aggressive to most organic materials. It must be handled very carefully and
should not be moved. After at least 10 minutes of immersion, the substrates were
rinsed with purified water. Complete wetting indicates a hydrophilic and clean sur-
face. To avoid the cleaning procedure for every sample, several substrate can be
treated simultaneous. Within few hours, the HySO5 breaks down to HsSO, and
water. These products do not affect the substrates any more. Thus, the substrates
can be stored in the solution for long time.

3.2.3 Spin-Assisted Layer-by-Layer Deposition

The spin-assisted layer-by-layer technique is one of the fastest methods to produce
multilayer samples. This procedure guarantees a high number of surface charges to

2Some sources recommend to add HoOs to the HoSOy
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3.2 Sample Preparation

adsorb charged molecules or particles. The clean substrates were wetted with PEI
solution (¢=1% wt), spun at 3000rpm for 10s and rinsed with 3 drops (-60 puL)
of purified water while spinning. On very hydrophobic substrates, aqueous solution
of PEI will not wet the surface. Here, ethanol can be used as solvent. The other
polyelectrolytes PSS, PAH, and PAzo were dissolved in water (c=0.1% wt). An
amount of 0.58 g NaCl was added to 10 mL aqueous solution, giving a concentration
of 1mol/L. It is noted that PAzo forms insoluble clusters, if water is added to
a mixture of PAzo powder and NaCl. Dissolution can be enhanced by using an
ultrasonic bath. The preparation of polyelectrolyte multilayers is depicted in figure

1. 2. 3. 4.
5s 30s 5s 30s
D —  — D —

Figure 3.4: The sketch shows the successive deposition of oppositely charged poly-
electrolytes (e.g. PSS and PAH). The solution is dropped onto the ro-
tating sample (1). After few seconds, the remains are washed away (2).
If the sample is dry, the next layer can be deposited (3). After washing
and drying (4), the process can be continued with step 1.

3.4 During the whole process, the sample rotated at 3000rpm. PSS or PAzo
solution was dropped (~20 uL)) onto the PEI-covered sample. After few seconds, the
excess of polyelectrolytes was washed away by 3 drops (~60 uL) of water. When the
sample was dry, the second solution (PAH) was deposited by the same work steps.
Depending on humidity and temperature, it is possible to grow one double layer in
60 seconds. A much faster preparation without drying is also possible. But then,
aggregates of PSS/PAH are formed within the film of solution. These aggregates
bind to the surface and increase the roughness dramatically [59]. Such multilayer
structures might be a good base for depositing nanoparticles of 50 nm or more in
diameter.

3.2.4 Deposition of Gold Nanoparticles

Gold nanoparticles can be deposited, if the topmost layer is positively charged
(PAH). For gold nanospheres, a dipping method must be applied since the sur-
face charges of the particles are to weak for spin-assisted deposition. Therefore, the
spin coater was stopped and the sample was covered completely with gold suspen-
sion. The suspension rested for at least 30 minutes up to several hours. The in
plane packing density of particles depends on immersion time and concentration of
the used suspension [22]. Layers of gold nanorods were prepared in the same way.
But due to their cover with one monolayer of PSS, the GNRs adsorb much faster.
Samples discussed in this work were prepared with an immersion time of 12 min-
utes. Later experiments showed that spin coating of these particles is also possible.
In both cases, the rods lay in plane with random orientation (see fig. . After
rinsing with water and drying, layers of polyelectrolytes can be added, starting with
PAH.
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Figure 3.5: In plane distribution of GNR measured by SEM. Picture (a) shows dip-
coated particles with 4 minutes immersion time. The particles in picture
(b) are spin-casted (100 uL dropped on rotating sample).

3.2.5 Vapour Deposition

Thin metal films can be produced in several ways. In this work, vapour deposition
was used, where a metal is evaporated in a vacuum chamber by heating. The steam
condenses on the substrate, while growth rate is controlled during the process. The
aluminum samples discussed in this work were grown with 0.5nm to 1.2nm per
second.
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4 Experimental Methods 2: Sample
Characterization

4.1 Static Sample Characterization Methods

The development of models explaining the optical properties of gold nanoparticles,
or the laser-excited dynamics within layered samples requires a very precise deter-
mination of the sample parameters. Size parameters such as particle dimensions,
layer thicknesses, and subsidence depth of a particle in the embedding medium were
determined by atomic force microscopy (AFM) and scanning electron microscopy
(SEM). The optical characterization was carried out via UV-VIS spectroscopy and
ellipsometry. The following paragraphs explain these four techniques and their spe-
cific applications for this work.

4.1.1 UV-VIS Spectroscopy

Static spectroscopy measurements were performed with an UV-VIS-NIR spectropho-
tometer (VARIAN CARY 5000). The measurable spectrum ranges from 200 nm to
2500 nm wavelength. The device is equipped with an integrating sphere (Ulbricht
sphere), schematically shown in in figure . It detects specular and diffuse contri-
butions of reflected and transmitted light. Both quantities were measured separately:
reflection for an incident angle of 3°20" and transmission under normal incidence.
From these data, absorption can be calculated by the formula A =1 — T, 4 — R, 4.
Both, transmission Ty and reflection Ry contain a specular (s) and a diffuse (d)
scattered part in forward and backward direction, respectively. It is noted that the
absorption mode of most spectrometers is not applicable for exact absorption mea-
surements, since scattering and interference effects in thin films are not considered.

4.1.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is a method to analyze the surface topography
and material properties of a sample. The application of a very sharp tip achieves
a height resolution in the sub-nanometer range. The tip is fixed at the end of
an silicon cantilever that bends according to the position of the tip. In tapping
mode, piezoelectric actuators initiate the cantilever oscillating at a frequency close
to resonance. Cantilever position and phase of it’s oscillation are detected by a laser,
reflected from the cantilever backside. The surface topography is mapped by moving
the tip over the sample. The height profiles, shown in chapter |5 were measured by
this technique.
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D

(a) Transmission setup (b) Reflection setup

Figure 4.1: Schematic view of an integrating sphere. In (a) the sample (S) is placed
on the transmission port. Transmitted light is scattered on a diffuse
reflector (R) and collected by the detector (D). For reflection measure-
ments, the setup in (b) is used. The sample placed on the reflection
port. It has to be slightly tilted to measure direct and diffuse reflected
light.

In addition to the height profile, the elasticity of the material can be measured.
Therefore, the phase of the oscillating cantilever is analyzed. Soft materials such
as polymers cause a negative phase shift whereas hard materials (e.g. substrate or
metal nanoparticles) show a positive shift.

AFM is also suitable to determine the thickness of a layered sample. The sample was
scratched with a fine iron needle or a scalpel to remove the sample layer. The height
profile scan across the scratch shows a sharp step between layer and substrate. The
difference in height is the sample thickness. This method was used characterize the
polyelectrolyte multilayers, discussed in chapter [6]

4.1.3 Scanning Electron Microscope

A scanning electron microscope (Zeiss Ultra Plus) is a type of electron microscope
that images the interaction of a focused beam of electrons with matter. The reso-
lution is below 1nm and therefore comparable to an AFM. While the beam scans
across the sample, secondary electrons are detected. These electrons are emitted by
excited atoms, if their energy exceeds the work function of the material. The num-
ber of released electrons depends on the angle between surface and incident electron
beam. By counting these electrons for each spot, the tilt of surface can be mapped.
Another mode is the observation of backscattered electrons. The scattering of these
primary electrons essentially depends on the material. Heavy elements provide a
strong backscattering whereas light atoms show a weak signal. The resolution of
that mode is a little worse than secondary electron detection, but it shows high
contrast pictures for samples made of different materials.

Scanning electron microscopy is an excellent and fast method to measure the dis-
tribution or size of the gold nanoparticles, treated in chapter [f Since the electron
beam penetrates most of the polylectrolytes, surface imaging and roughness mea-
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4.2 Time-Resolved Sample Characterization: Pump-Probe Experiment

surements are not possible. To gain highest resolution, a conductive substrate is
recommended.

4.1.4 Ellipsometry

An ellipsometry experiment determines thickness and refractive index of a sample
for one wavelength or a broad spectrum. An incident light beam is polarized linearly
by a polarizer and reflected from the sample. Before detection, the reflection passes
a second polarizer that is orientated perpendicular to the first one. The reflection at
a thin film causes an elliptical polarization due to interference of multiple reflections
and delayed propagation in the medium. The intensity ratio of p- and s-polarized
light is called ¥. The phase shift between p- and s-polarization is A. Equation [4.1.4]
determines the correlation between these ellipsometric parameters and the ratio of
the measured reflection coefficients R, and Rj.

R
L = tan Wexp(iA) (4.1)
Ry

To extract layer thickness and refractive index, a layer model has to be established.

For a known layer sequence, thickness and optical parameters are varied in an iter-
ative procedure. ¥ and A are calculated using Fresnel formulas and equation [4.1.4]
until the fit matches the experimental data. Layer thicknesses and refractive indices
of polyelectrolyte multilayers were determined by this technique.

4.2 Time-Resolved Sample Characterization:
Pump-Probe Experiment

This section gives an overview of time-resolved spectroscopy. In contrast to steady
state spectroscopy, the temporal resolution of a pump-probe experiment is typically
below one picosecond. This is indispensable for the picosecond acoustic experiments,
treated in chapter [6]

4.2.1 Femptosecond Laser System

Ti:Sapphire Laser System All time-resolved measurements were carried out with
a laser system from Spectra Physics GmbH (Germany). This system contains three
parts. The oscillator (MaiTai) provides ultrashort laser pulses with high repetition
rate. These pulses are amplified by the Spitfire Pro unit, which is pumped by a
high-power diode laser (Empower). A Ti:Sapphire crystal is used as active medium
in the oscillator and the amplifier.

The oscillator is actively mode-locked and tunable in wavelength, ranging from
710nm to 920nm. According to the pulse duration below 100fs, the spectra is
broad. For all experiments of this work, the oscillator is fixed to a wavelength of
795nm. Only 500mW of the 1.5 W output power is used as seed beam for the am-
plifier. In the amplifier, this seed beam is stretched to several picoseconds to avoid
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Figure 4.2: Schematic setup for white light generation a). The setup uses an optional
A-half plate (L) and concave lenses (C) that focus the beam into the
sapphire plate (S) and collect the generated white light, respectively.
The fundamental 800 nm light is cut off with a low pass filter (F). The
spectral output is shown in b).

damage of the Ti:Sapphire. Pockels cells select pulses from the seed with a repeti-
tion rate of 5 kHz. Each pulse travels through the Ti:sapphire crystal several times.
The crystal is pumped with a laser power of about 15 W at a wavelenght of 532 nm,
provided by the Empower. Each cycle in this unit amplifies the pulse until satu-
ration is reached. Afterwards the pulse is coupled out and compressed again. The
result are ultrashort light pulses of about 120 fs duration. They are p-polarized and
have a pulse energy of 0.3mJ. The central wavelength is 795 nm with a bandwidth
of 8nm (FWHM).

4.2.2 Nonlinear Optics

Frequency Doubling The basic wavelength of about 800nm can be frequency-
doubled for pumping and converted to white light for probing. For frequency dou-
bling, the beam is focused into a crystal of beta-barium borite (BBO). This material
is highly nonlinear and birefringent. Phase matching of incident beam and gener-
ated second harmonic is possible, if the pulses are polarized perpendicular to each
other. Before using as pump beam, a separation of the fundamental 800 nm and the
generated 400 nm beam should be realized by using dichroic mirrors, polarizers or
filters.

White Light Generation To probe a fully visible spectrum with one shot, white
light is needed. To this end, a weak beam of 795 nm wavelength is focused into a
sapphire plate. The setup is schematically shown in figure [£.2h. The high energy
density generates a continuous spectrum of white light [71]. A typical spectral
intensity distribution is plotted in figure [4.2b. The fundamental beam has to be
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Figure 4.3: Schematic laser setup as used in this work. The sample is pumped from
front side and probed from the back. The BBO for frequency-doubling
is optional, depending on the desired pump wavelength.

blocked by a low pass filter, to avoid damage on the probed sample.

4.2.3 Experimental Setup

The data, discussed in chapter [0, were measured with a pump-probe setup, shown
in figure 4.3l The fundamental laser beam is divided into a weak pump and a
strong probe beam by a separator. The pump beam crosses a delay stage that
varies temporal shift between pump and probe. The following chopper is necessary
to distinguish pumped and unpumped sample (both explained in section . Not
shown in figure are \/2-plate, polarizer, and lenses to tune the pump intensity,
control its polarization, and focus the pump beam onto the sample.

The weak part of the fundamental laser generates white light that is focused onto the
sample. The reflection is coupled into a glass fiber and guided into the spectrome-
ter. The transmission was not measured, although both can be done simultaneously.
Usually several reflections occur of which the reflection from the substrate-air inter-
face might be the strongest. But it does not contain any time-dependent signal and
has to be blocked.
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5 Interaction of Gold Nanoparticles
with the Surrounding Medium

5.1 Characterization of Gold Nanorods

5.1.1 Size Distribution Measured by SEM

The size distribution of the GNRs was measured by SEM. A single drop (-20 uL) of
GNR suspension was brought onto a PEI treated silicon substrate and rested until
the water evaporated completely. The pictures (d) to (f) in figure show high
resolution SEM images of the particles. At least 30 particles of each GNR type
were evaluated. This evaluation shows that the particles are not monodisperse. The
variations in length and diameter result in distribution of the shape factor u, as
shown in figure 5.2 The shape factor u was calculated for each particle separately,
using equation [2.13] An overview of particle size and related parameters is given in
table [B.1]

Pictures (a) to (c) in figure show the samples, treated on the following pages.
Here, the preparation was done as described in section [3.2.3] From these measure-
ments, the in-plane packing density is determined. It shows a very dense packing
for GNRs type 1 (134 particles per pm?) and low packing for GNRs type 2 and 3
(23/um? or 11/um?, respectively).

5.1.2 Subsidence of GNRs Measured by AFM

The following pages deal with the optical characteristics of GNR-polymer composites
against the background of Maxwell-Garnett effective medium theory. Thus, it is
crucial to know the portion of air and polymer in the particles’ environment. The
transition from uncovered particles to full embedding can be tuned by the number
of cover layers. During deposition, the particles sink into the polymer layers. The
initial fraction of particle surface covered with polymer is given by the depth of
subsidence. To determine this value, measurements of the sample topography were
done by AFM. An example of these measurements is shown in figure a). The
average height of each particle type is listed in table 5.1 The subsidence depth is
the difference of particle diameter and height.

5.1.3 Optical Characterization by Steady-State Spectroscopy

The UV-VIS spectroscopy measurements were performed by using the setup de-
scribed in Figure 5.4 shows a series of transmission and reflection data of sam-
ples containing gold nanorods of type 1. The layering sequence is (PSS/PAH)g+(Rod
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Figure 5.1: SEM pictures of the applied GNRs. Pictures (a), (b), and (c) show
the packing density of GNRs type 1, 2, and 3 on an area of 2 x 2 um.
Pictures below show the particles with higher resolution. The white bars
represent 100 nm.

counts

4 6 8 10 12 14 16 18
shape factor u

Figure 5.2: Distribution of the shape factor u for GNRs type 1, 2, and 3. Due to
the variation of particle size, the Gaussian curves, shown as solid lines,
barely fit the distribution.
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5.1 Characterization of Gold Nanorods
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Figure 5.3: AFM topography (a) of GNR type 1 on an area of 2 x 2 um?. Panel (b)

shows the cross section along the black line in (a). Figure (c) illustrates
subsiding particles of each type drawn-to-scale.

Type | Length L | Diameter D | Aspect ratio R | Height H Shape factor u

[nm] [nm] (D/L) [nm] long trans
Rod1|634+81| 16.3+£1.5 3.9+0.6 13.4+1.5 | 11.93+£242 | 1.18 £ 0.04
Rod 2 | 70.1 £7.7 | 23.4+28 3.0+0.3 19.4+£23 | 827+1.19 | 1.25+£0.04
Rod 3| 79.0£9.8 | 32.7+2.7 24+0.3 304+1.2] 6.15£0.95 | 1.33£0.05

Table 5.1: Size distribution of GNRs measured by SEM. The aspect ratio is length
divided by diameter, determined for each particle separately. The height
H of the particle on the sample was measured by AFM. The shape factor

u is defined by equation [2.13]
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Figure 5.4: Series of reflection (a) and transmission (b) spectra of GNRs type 1 in
polyelectrolyte matrix. The absorption (c) is calculated by A = 1-T—R.
Black lines indicate the first spectrum, taken for particles at air interface.
The arrows illustrate the development for increasing number of cover
layers.

1/PAH)+(PSS/PAH),, where n is the number of cover layers. It starts with zero,
meaning that the first spectrum was taken for particles at air interface. The arrows
in the plots indicate the development with increasing n. In case of GNR type 1,
the reflection spectra shifts about 270 nm to higher wavelengths. Maximum and
minimum become more pronounced, but only the maximum shows saturation. At
short wavelengths (A < 500 nm), the reflection decreases for the last three spectra.
This is caused by destructive interference in the thin film layer and leads to an in-
creased transmission. The transmission spectra show two minima. The small one is
located at 510 nm, showing a small decrement and almost no shift. The bigger one
at 785 nm shifts strongly during the series (+145nm) and decreases from a value of
0.80 to 0.75. Both peaks saturate within the first seven cover layers of PSS/PAH.

The absorption spectra are calculated by A = 1—T — R. They are dominated by the
strong absorption peak at 783 nm that shifts about 120nm to higher wavelengths
and increases from 0.11 to a value of 0.14. As seen before, this effect slows down with
rising cover thickness, showing saturation behavior when more than 7 DL (~17.5 nm)
of PSS/PAH are added. The small peak located at 511 nm saturates when a cover
of 3 DL (~9nm) is added.

Measurements of samples containing gold nanorods type 2 and 3 are shown in figure
5.5l The same effects of shifting peaks and saturation occur, but the initial peak
positions differ as well as the ratio between transverse and longitudinal plasmon
absorption peak. The side peaks at 950 nm and 800 nm, respecitively, are caused by
clusters. The measured data are summarized in table [5.2]
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5.1 Characterization of Gold Nanorods
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Figure 5.5: Series of calculated absorption spectra for GNR of type 2 (a) and type
3 (b).
of samples with increasing cover layer thickness. The spectral change is
indicated by the arrows.

The data base upon reflection and transmission measurements

GNR Type | Peak position (uncovered) | Peak position (fully embedded) | Peak shift
long trans long trans long | trans
Rod 1 783 511 893 514 110 4
Rod 2 663 517 763 526 100 9
Rod 3 602 517 687 534 85 17

Table 5.2: Characteristics of the absorption spectra of gold nanorods at air interface

and embedded in medium, respectively. All values are given in nanome-
ters.
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Figure 5.6: Characteristics of a GNR absorption spectrum. Transverse (left) and
longitudinal plasmon absorption peak (right) are analyzed separately.
The solid black lines approximate the respective underground. The high-
est data point above these lines define the peak positions and the shaded
areas are taken as total plasmon absorption.

5.2 Data Analysis

Before discussing the measured data, a short overview of data analysis shall be
given. The calculated absorption consists of tree parts. Intraband, interband, and
localized surface plasmon resonance (LSPR) absorption were explained in section
2.1l Intraband and interband both depend on the material, but not on the shape
of the particles. The analysis focuses on the third part, the LSPR absorption.
To achieve useful values, other contributions to the absorption must be neglected.
Therefore, the intraband absorption is approximated by a line from the minimum
between transverse and longitudinal plasmon peak to that point in the near-infrared,
where the spectra reach zero. The area above, defined by the integral A(n) =
JA(n, N)dA, is the absorption of the longitudinal plasmon peak. The same is done
for the smaller transverse plasmon absorption peak, located at roughly 520 nm.
Here, the line contains the constant underground of interband absorption and parts
of the interband absorption (negative slope) or parts of the longitudinal plasmon
absorption peak (positive slope). For both peaks, the highest data point above the
particular line is taken as peak position. The full procedure is visualized in figure
0.0l
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Figure 5.7: Shift of the longitudinal plasmon peak (a) and relative absorption change
(b) for the three types of GNRs depending on cover layer thickness. The
lines are fits of the data points, using a =2 power function. The layer
thickness corresponding to 95% of saturation value is marked.
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Figure 5.8: Dielectric functions of PSS/PAH multilayers (a) measured by ellipsom-
etry, and bulk gold (b) taken from the literature [37]. Open symbols
mark the measured absorption wavelengths for transverse and longi-
tudinal LSPR, respectively. The arrows indicate the peak shift from
uncovered to fully embedded particles.
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5 Interaction of Gold Nanoparticles with the Surrounding Medium

5.3 Discussion

The absorption data in figures[5.4]c¢) and [5.5 are dominated by the LSPR absorption
peaks. The influence of the cover layer thickness on the peak positions and the total
change of absorption will be analyzed.

5.3.1 Redshift of the LSPR Absorption Peaks

Successive covering of the gold particles shifts the absorption to the red. This
shift can be explained by the formula of resonant absorption (equ. and the
dieelectric function of gold ey, depicted in figure [5.8b. The product of the shape
factor v and the dielectric function of the medium ¢, defines the value of €4, at
the resonance. Covering the particles increases the value of €,, while u is fixed.
As a result, €4, = —ue,, decreases and the absorption wavelength shifts to the
red. Since the dielectric function of gold is almost linear in the observed spectral
range, the absolute shift depends linearly on u. This explains the strong shift of the
longitudinal plasmon peak (AX > 85nm, w,,, > 6) and the comparatively weak
shift of the transverse plasmon peak (AX < 17nm, tqns < 1.4). It also explains
that the largest shift is observed for the particles with the largest aspect ratio.

5.3.2 Saturation of the LSPR Absorption Peaks

The interaction of particles and surrounding medium is mediated by dipol-dipol
interaction. The electric near field of a dipole drops with r=3. Thus, the range
of interaction is limited to several nanometers. This effect is visualized in figures
and 5.9 All data points of peak shift and relative absorption converge to their
respective saturation values. This means that polymer added beyond the range of
interaction is not affecting the LSPR absorption anymore. The data are fitted by
the 3rd order power function y(z) = a — b(x — o) 3. By these fits, the values of
saturation a are determined. The corresponding cover layer thicknesses of saturation

dsq: are defined as these values, where 95 % of a are reached.

Longitudinal LSPR As shown in figure [5.7h, the consecutive embedding of the
GNRs shifts the longitudinal peaks by 85 nm (Rod 3) up to 110nm (Rod 1). Com-
pared to the peak shift, the corresponding value of saturation dg,(A\) varies only
slightly around 32nm. The intuitive connection of longitudinal LSPR and particle
length becomes apparent, if the ratio of dg(AX) and L is observed. Here, a linear
dependence is given (see tab. .

Another relation can be observed for the absolute peak shift A\ and the initial peak
position Ag. The ratio AX/)g is constant for all three particle sizes (Rod 1: 0.14,
Rod 2: 0.15, Rod 3: 0.14). Jain and El-Sayed reported similar observations in their
studies about plasmonic coupling of gold spheroids [72]. The connection of A\ and
Ao is explained by the dielectric function of gold. The negative slope of the real part
Re(ea,) can be approximated as linear in the observed spectral range (see fig. )
Thus, the absorption wavelength A is also linearly depending on the product —u-¢,,.
As shown before, the peak shift depends on the same term. So initial wavelength
and absolute peak shift are connected by the shape factor u.
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Figure 5.9: Shift of the transverse plasmon peak (a) and relative absorption change
(b) for the three types of GNRs depending on cover layer thickness. The
lines are fits of the data points, using an exponential saturation function.
The marked values of layer thickness correspond to 95% of saturation.

Besides the peak positions, the integrated absorption is analyzed. Figure shows
the relative change of integrated absorption (A, — Ag)/Ag for the longitudinal plas-
mon peak. As seen before, the slope decreases with increasing cover layer thickness.
The dependence of the integrated absorption on the particle type is much stronger
than the dependence of the peak shift. The absorption of GNRs type 1 increases by
a factor of 0.7 whereas the peak of type 3 grows about a factor of 5.5. This indicates
a connection to the particle volumes. The values of saturation d,,; also differ. This
is caused by the different particle diameters. Since the particles lie in plane, the
cover layer thickness has to be in the range of the diameter to ensure a complete
embedding.

Transverse LSPR The shifts of the transverse plasmon resonance and their relative
changes of absorption are plotted in figure Both show the expected saturation
behavior that depends on the particle size. Small particles with a large aspect ratio
(Rod 1) show less peak shift and saturate earlier than particles with low aspect ratio
(Rod 2 and Rod 3). In comparison to the longitudinal LSPR peaks, the transverse
peaks shift about one magnitude less (3nm to 17nm).

As shown in [5.9b, the absorption of the transverse LSPR peaks rises stronger than
the absorption of the longitudinal ones. Within the errors, both, longitudinal and
transverse plasmon absorption saturate at the same cover layer thickness that is
close to the particle diameter.

The peak positions between 511 nm and 517nm as well as the shifts between 4 nm
and 17nm are similar to the plasmon absorption of spherical gold nanoparticles.
Previous experiments of our group showed that saturation of spherical particles
occurs, when the cover layer thickness is in the range of the particles diameter. But
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5 Interaction of Gold Nanoparticles with the Surrounding Medium

Type | length/diameter dsat(AN) dsat(AAJAp)

long trans long trans
Rod 1 62.5/16.1 2097 +£35119.0+24121.9+1.0|17.0£4.2
Rod 2 70.1/23.4 33.0+£23(2424+20|355+09|424+3.2
Rod 3 79.0 /32.7 34.0+3.1|43.1+4.1|452+7.3|48.4+4.9

Table 5.3: Particle interaction range: Cover layer thickness dg,; for peak shift A\
and relative absorption change AA/Ay determined by the fitting curves

in figures and
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Figure 5.10: Absorption spectra of full embedded gold nanorods with different aspect

ratios R. With decreasing R, the transverse LSPR peak shrinks and
shifts to the blue. In the limiting case R = 1 (spherical particle), only
one LSPR peak remains at about 520 nm (not shown).

the integrated absorption of embedded spheres is only about twice as large as the
absorption of spheres at air interface [22].

5.3.3 Size and Range of Interaction

In order to compare the particle size with the range of plasmonic interaction, all
values are listed in table[5.3] As first guess, one would expect one value of saturation
for each particle type. Within a wider tolerance, this is the case for three of the
four absorption characteristics: change of longitudinal and transverse absorption
peak and the shift of the transverse one. Particles of type 1 show saturation, if
the cover thickness reaches roughly 20 nm. For GNRs type 3 saturation occurs at
roughly 45 nm and GNRs type 2 spread in between these two values. Only the peak
shift of the longitudinal absorption makes an exception. Here, all cover thicknesses of
saturation locate very close to each other in the range of 32 nm. This might be caused
by different shifting behavior that is strongest for the smallest particles. Although
the peak position depends on the aspect ratio, a connection to the particle length
can be found. The ratio of dsu;(AN) and length L is almost constant for all types of
particles (see table . This is surprising, since this ratio has to converge to a value
of 1, the more sphere-like the shape of the particles is [22]. One possible explanation
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5.4 Effective Medium Theory in Two Phase Media

Type | dua(AN)/L dou (AN H dou (BAJ A H
long long trans long trans
Rod 1| 0484+0.12 | 2.22£0.51 | 1.42+£0.34 | 1.63 £ 0.26 | 1.27 £ 0.46
Rod 2 | 0.474+0.08 | 1.70£0.32 | 1.25£0.25 | 1.83 £ 0.26 | 2.19 £ 0.42
Rod 3| 0434+0.09 | 1.12+£0.15 | 1.42+£0.19 | 1.49+£0.30 | 1.59 £ 0.22

Table 5.4: Relations of d,,; to particle length L and the height H of the uncovered
particles, measured by AFM.

Figure 5.11: Sketch of a GNR with a polymer cover of thickness d. The size param-
eters of the cylindrical part are radius R and length L. The radius of
the spherical calotte is R.. Subsidence depth ¢ was measured by AFM,
the initial cover thickness dj is one layer of PSS and range of satura-
tion dgq¢ was determined by fitting. The ratio of polymer (grey) to full
volume (dashed area without particle) defines the dielectric function of

the medium.

is that the longitudinal peak passes into the transverse peak with decreasing aspect
ratio. The ratio dse(AN)/L could be kept constant, but the related longitudinal
absorption peak simply disappears. This effect can be seen in figure [5.10}

5.4 Effective Medium Theory in Two Phase Media

Maxwell-Garnett effective medium theory was developed for spherical particles in
a homogeneous medium. By introducing the shape factor wu, it is also applicable
for rod-shaped particles. One step further is to simulate the position of LSPR, if
the particles are only partially surrounded by medium. The environment of such
particles is inhomogeneous and consists of two phases: One part of polymer with
€poly ~ 2.45 and one part of air with €, = 1. Both values can be combined to
an average dielectric function of the surrounding medium 1 <'¢,, < 2.45. But an
explanation how to combine both media cannot be found in the literature.

As shown in the previous measurements, the first cover layer of polymer causes the
strongest shift. So not only the amount of polymer plays a role, but also it’s distance
to the particle. Therefore, the volume of interaction V"’ is introduced. It is weighted
by the intensity E? of the light-induced dipole’s electric field. The weighted volume

is defined as ]

=72
EO
J

%4 E*dV (5.1)
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5 Interaction of Gold Nanoparticles with the Surrounding Medium

//—\l\\
Vcover\

Figure 5.12: Stepwise embedding of a spherical gold nanoparticle. Each polymer
layer adds a cover to the particle and its surrounding area. For sym-
metry reasons, the shaded areas were neglected. The black arrow illus-
trates the position of the point dipole.

This integral is evaluated for the polymer and the total volume. The ratio of both

!

polymer
T = (5.2)
V;;tal

yields an average dielectric function for the two phase medium
€m = Tepoly + (1 — )€qir (5.3)
The electric field of a dipole with dipole moment p'is defined as

o SR P
dmen (T — 19)3

(5.4)

Assuming a dipole that is centered in the origin of a spherical coordinate system
and oriented in z-direction, shortens equation [5.4] to

7o p(2 cos 07 + sin 66)

= ) 5.5
4regr (5:5)
The square of E defines the intensity of the dipole field
2 3cos?f+1
E? = ( P ) : 5.6
47eg r6 (56)

To calculate the integral (equ. , several parameters of the particles are neces-
sary. A covered gold particle with all relevant parameters is sketched in figure [5.11}
Particle radius R, length of the cylinder L, and depth of subsidence ¢ are known
from the characterization measurements (see tab. . The cylinder part is capped
by spherical calottes with radius R. at each end. The initial cover thickness dy de-
scribes the molecular shell the particles require for the synthesis of the structures.
In case of GNRs, it is a layer of PSS that is added at the last step of the particle
preparation (see sec. . The range of interaction d,,; was determined by fitting
the saturation curves in figures and Since the weighted volume V' converges,
the calculations are done for infinite volumes. Finally, the combined dielectric func-
tion of the two-phase medium ¢, is a function of the cover layer thickness d. This
thickness is defined by the number of added polymer layers.
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Figure 5.13: Distribution of the electric dipole field around a GNR. The maxima
of the field intensity are localized at both ends. The environment of
both ends dominates the interaction and the cylindrical part can be
neglected.

5.4.1 Gold Nanospheres in Two Phase Media

Before applying the model to GNRs, it is verified on the more symmetric case of
spherical particles. To enable analytic solutions of equation [5.1], the polymer volume
is assumed as radial. As sketched in figure [5.12] a spherical shell of polymer rests
on a cone-shaped base. Here, an infinite half space would be more accurate, but the
strong dependence on radius r minimizes the error. Furthermore, the error decreases
with increasing cover layer thickness.

The radius of the polymer shell is H = (R+dy+d) and h = (R —t —dy — d) is
the height of the sphere’s center above the polymer level (see fig. . With these
values, the weighted polymer volume is

2 -1/ h
) P cos™ ' (g) h? ( 1 h) 8t/ 1 1
= J1- 2 n —_ .
poly (47@) [ s\ e s g ) )t T s

(5.7)

The total weighted volume of the particle’s environment is

V! = P i 8_7T (5 8)
tot — \ 4rre, 3R3 | '

Both terms are the solution of equation |5.1, The detailed calculations can be found
in the appendix. With known weighted volumes equations [5.2] and [5.3] define the
average dielectric function of the medium e¢,,. With the resonance condition 0 =
€Ay + 2€,,, the resonance value of €4, can be determined.

5.4.2 Gold Nanorods in Two Phase Media

Gold nanorods can not be easily described in a highly symmetric coordinate system
that provides the given formulas for the electric dipole field and the polymer volumes.
Therefore, some approximations have to be done. The particles could be treated as
spheroids, but the translation of equation into ellipsoidal coordinates is difficult.
Furthermore, the thickness of the cover layer would depend on the angle, so that
spherical coordinates are most reasonable for the calculations.
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Figure 5.14: Sketch of polymer-embedded GNR. Each polymer layer adds a cover
to the particle and its surrounding area. The shaded areas were unac-
counted for the calculations. The black arrow illustrates the position
of the point dipole.

Actually, the charges are localized at the particle surface. To reduce the computing
work, just one dipole is assumed. Its charges are placed in the center of the spherical
calottes at each end of the particle. The curvature radius R, is estimated from the
SEM data (see fig. [5.1). The electric field of the dipole is schematically shown in
figure |5.13] The field lines concentrate at both ends of the particle, whereas the
field intensity around the middle part is weak. Thus, the interaction of dipole and
surrounding medium is dominated by the environment of the end parts.

Cylindric Middle Part of a GNR According to figure [5.13] the electric field is
assumed parallel to the surface. This assumption § = 7/2, shortens equation to
a simple 7% dependency. With H = (R+dy+d) and h = (R—t — d), the weighted
volume of the cylindrical part id]]

p \[rL,1 1 L ., /h
‘/c/ylmder = ‘/;/over + ‘/b/ulk: = (FEO) {7(@ - H4) + ﬁ COS (E) (59)

and the total weighted volume is

. :< p )2E . (5.10)

cylinder,total 47'('60 2R4

Due to the strong 1/R?* dependence of the cylindrical weighted volume, the total
ratio defined in equation is dominated by the 1/R3-depending spherical caps,
calculated in the following paragraph. Evaluating the model without the contribu-
tion of the cylindrical part produces an error below 1%. To reduce the computing
time, the cylindrical part can be neglected.

Spherical Calotte as Cap of a GNR The caps of a GNR are considered as spherical
calottes with radius R.. By symmetry, the evaluation of one cap is sufficient. As
depicted in figure [5.14] the dipole is located at the radial center of the cap. For the
evaluation of equation [5.1] the polymer volume is split into a spherical cover with
radius H. = (R, + do + d) and bulk polymer with distance h, = (R. —t — d) from

1See appendix for detailed calculation.
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particle axis (see fig. [5.11]). Both weighted volumes ard?]

2
RZ _ 2 /RZ _ R?
V! :( P > ( T_ T ){—7—C +sin(3sin1—‘;[ )—1—8}

cover — \ dreg ) \GR3  GH3 . .

(5.11a)
2 /eos ! (Lo /2 _ 2 /P2 _ P2
Vo= (-2 (HC) — 7—RC R +sin | 3sin~! Vi — /
bulk "\ 4meq 6H3 H. H.
/ h? .4 he
+7 1_F§+COS<3SIH E)}
(5.11Db)

The total weighted volume is calculated as spherical cover with infinite thickness|

2
Vv R? — R? RZ — R2
Vt/otal:( - ) ( u ){—7C—+Sin <35in1 c—) —1—81- (5.12)

471'60 6_@ Hc Hc

In the limit R. = R, the spherical calotte is a half sphere. In this case, several terms
vanish and equations [5.11] and [5.12] yield the equations for spherical particles
and [5.8] The prefactor differs by 2, because only one half of the rod is considered
in the calculations.

5.4.3 Determining the Dielectric Function of Gold Nanoparticles

Electron density in Gold Nanoparticles In bulk gold, the valence electron density
is defined by

Z - 1-1932kgm™
M = R~ = 6.02 - 102 mol ™! 82 ~59mmd (5.13)
A 0.19697 kg mol

with Avogadro constant R, valence number Z, density p, and atomic mass A.

The electron density decreases at surfaces, because only one side contributes to the
electron gas. This effect becomes relevant for nanoparticles. The inset of figure [5.15
shows the relative change of n as a function of surface to volume ratio.

The variation of n changes the plasma frequency wp o /n. According to equation
2.4k, the change of the dielectric function is

wIQD,particle - w123,bulk
w2

Table lists the determined values for Ae, the ratio A/V, and n. Hereby, A€ is

the average value for the observed spectral range. Especially for GNS, the dielectric

functions of bulk gold and particles diverge strongly, causing errors in Ae and the
calculated electron density n.

Ae = Eparticle — €bulk = (514)

2See appendix for detailed calculation.
3See appendix for detailed calculation.
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Particle Type | A/V [1/m] | n [1/nm™?] Ae

GNS 20 0.3 57 £1 0.5+0.5
Rod 1 0.277 50 =2 4.9+0.7
Rod 2 0.205 54 £0 1.8£0.7
Rod 3 0.16 57 £2 0.7+0.1

Table 5.5: Dependence of electron density n and change of dielectric function Ae
on surface-volume-ratio A/V. For bulk gold, the electron density is n =
59nm~3. The error in Ae for GNS 20 is caused by the strong divergence
of the determined dielectric function of particles and the function of bulk

gold (see inset of fig [5.16)).

Dielectric Function of GNSs To determine the dielectric function for spherical
particles, two data points are measured: One for GNSs in aqueous suspension with
€m = €m,0 = 1.77, and one for fully embedded GNSs with €,, = €p0, = 2.42. The
wavelength of the LSPR is measured by spectroscopy and the real part of €4, is
calculated by the resonance condition 0 = €4, + ue,,. The interpolation between
both values is taken as dielectric function. The inset of figure [5.16| shows the real
part of €4, for spherical particles.

Dielectric Function of GNRs The dielectric function of each type of GNRs is de-
termined by interpolating the measured data points of water-embedded and polymer-
embedded particles, shown in figure [5.15 Both values are afflicted by errors, caused
by the error of the shape factor u. Therefore, the interpolation is chosen to fit a
third data point. This point allocates the measured wavelength of the uncovered
particles to the value of €4, = —ue,,, whereof ¢,, is calculated by the model.

For all three types of GNRs, the interpolations are localized above €4, of bulk gold.
With increasing particle size, the difference between particle and bulk functions
decreases. This illustrates the transition from nanoparticle to bulk material.

5.4.4 Simulating the LSPR Peak Position
LSPR Peak Position of GNSs Figure shows the measured peak positions of

20nm GNSs as function of the cover thickness d. With known weighted volumes,
the dielectric function of the environment was determined according to equations|5.2
and [5.3] For uncovered particles (dy = 0 nm) with a subsidence depth of ¢ = 5.5 nm,
the dielectric function starts with ¢,, = 1.41. After adding 35 nm of polymer, the
value saturates at €,, = €po, = 2.46. With known e,,, the value of €4, = 2¢,, is
defined. The corresponding wavelength can be read off the dielectric function, given
in the inset of figure [5.16]

The simulation fits all measured data points within the error bars.

Longitudinal LSPR Peak Position of GNRs The measured longitudinal LSPR
wavelengths are shown in figure [5.17] For the simulation of these data, it is not
significant, whether the cylindric part of the particles is taken into account or not.
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Figure 5.15: Dielectric functions of the GNRs. Data points with error bars represent
fully embedded GNRs in aqueous solution (eg,0 = 1.77, open symbols)
and polymer (€, = 2.47, solid symbols). The interpolation between
both values is adjusted within the errors to fit the measured LSPR peak
positions (solid symbols without error bars) of uncovered particles. The
dielectric function of particles is higher than €4, of bulk gold (Johnson
and Christy [37]). This is caused by the reduced electron density n,
plotted as function of the surface-volume-ratio in the inset. All error
bars yield from the errors of the shape factors u.
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5 Interaction of Gold Nanoparticles with the Surrounding Medium
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Figure 5.16: The peak position of the surface plasmon absorption shifts with increas-
ing thickness of the polymer cover. The data points are fitted by the
two-phase-media model. It uses the dielectric function of the environ-
ment (upper axis) and the dielectric function of the particles, shown
in the inset. €4, is interpolated between the values of GNSs in water
(open square) and GNSs embedded in polymer (right solid square).
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Figure 5.17: The longitudinal plasmon absorption peaks shift when the GNRs are
covered with polymer. Simulating with R. = R overestimates the data
(dashed lines). By increasing the curvature radii, the simulation fits
(solid lines). All parameters are given in table
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5.4 Effective Medium Theory in Two Phase Media

Type R, nm] | R [nm] | L [nm] | ¢ [nm] | dp [nm] | u
GNS 20 10 10 0 2.5 0 2
Rod 1 12 805 |0 (444)| 2.7 2 119
Rod 2 15 11.07 |0 (44.7) | 4.0 2 8.3
Rod 3 16.35 16.35 |0 (44.3) | 2.3 2 6.2

Table 5.6: Applied parameters to simulate the LSPR wavelengths of gold nanopar-
ticles. Data and simulations are plotted in figures and [5.17 The
values in brackets were determined by SEM measurements, but not used

for the fit.
Type fair fembedded
Rod 1 | 0.312 0.105
Rod 2 | 0.158 0.046
Rod 3 | 0.168 0.050

Table 5.7: Filling factors for uncovered and fully embedded GNRs.

The error is below one percent and could be reduced further by adjusting the dielec-
tric function of the particles. Therefore, the shown simulations focus only on the
spherical end parts.

The SEM characterization measurements in figure do not determine the curva-
ture radii R, exactly. The assumption of spherical caps (R. = R) may be obvious,
but the simulation overestimates the polymer volume for Rod 1 and Rod 2 (dashed
lines in fig. [5.17). Therefore, the radii R, were set to 12nm and 15 nm, respectively.
This results in a decreased surface of the particles and the (weighted) polymer vol-
ume is reduced. Via equation [5.3] the value of the dielectric function of the medium
€, decreases.

By adjusting the dielectric function as described in subsection the simulation
fits the data. The fits are shown as solid lines in figure [5.17] Table [5.6] summarizes
all applied values.
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6 Picosecond Acoustics

The absorption of an ultrashort light pulse in a thin metal transducer layer leads
to expansion on a picosecond timescale. The expanding transducer compresses the
adjacent substrate and releases a strain wave that propagates into the medium at
speed of sound. As explained in section light can scatter from such a strain
pulse. Optical pump-probe experiments visualize this time-domain Brillouin scat-
tering (TDBS).

In UDKM group, the samples investigated by picosecond acoustic experiments can
be classified into two groups: crystalline samples such as SRO and LSMO, grown by
pulsed laser deposition, and amorphous samples such as thin metal films or poly-
electrolyte multilayers on fused silica substrates. This chapter focuses on the second
group, especially on the non-metallic polyelectrolytes. Dye-containing polymer lay-
ers are introduced as transducer and compared to aluminum by optical Brillouin
scattering experiments. Measurements and data analysis aim a quantification of
the excited phonon spectrum, to determine the efficiency of each transducer. The
efficiency of each transducer material is highlighted from different perspectives: the
ratio of TDBS signal amplitude to absorbed energy, the damage threshold of the
transducer material, and the effort of sample preparation.

The last section treats the dynamics within a sample and explains the temporal de-
velopment of strain waves. Based on this model, a simulation is shown and compared
to the experimental data.

6.1 Experimetal Setup

The Brillouin scattering experiments were carried out with an ultrafast pump-probe
laser setup schematically shown in figure [4.3] The laser provides pump light with
either 800 nm wavelength or its second harmonic of 400 nm. All samples were probed
from the back side to avoid signal losses due to absorption in the transducer layer.
Incident angle of the s-polarized probe was 7°. The samples were pumped from the
front with p-polarized light under an angle of 21°. The polarizations were chosen to
increase the reflectance for the probe beam and decrease it for the pump.

6.2 Sample Materials and Structures

Every thin layer of absorbing material can be used as transducer to generate strain
waves. This work focuses on organic polyelectrolytes and the metal aluminum, both
based on fused silica substrates. The following paragraphs introduce the samples
that were used in the experiments. Table summarizes all relevant parameters.
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Figure 6.1: The thickness of PAzo (yellow) and PAH (blue) multilayers shown in (a)
depends on the isomerization state of the azo side chains. The length
of the molecule is reduced by switching from trans state (b) to cis state
(c). The sketch in (a) is taken with permission from literature [73].

Metal Transducer: Aluminum The first experiments deal with the metal alu-
minum. By vapor deposition, an aluminum film of 52 nm thickness was grown on a
fused silica substrate. For an incident angle of 21° and p-polarization, the absorp-
tion of such a transducer layer is 7.7 % for A = 400nm and 16.2 % for A = 800 nm.
Both values were measured by determining the reflection and the transmission in
the experimental laser setup. Since the metal film does not transmit any light, the
major part is reflected.

Polyelectrolyte Multilayers as Transducer Material In a second set of samples,
polyelectrolyte multilayers were used as transducer materials. Alternating layers
of the polyelectrolytes PAzo and PAH were deposited on fused silica substrates
as described in chapter [3] The sample was capped with transparent doublelayers
of PSS/PAH to reduce possible evaporation due to laser excitation. Figure
sketches the structure of a PAH/PAzo/PAH multilayer. The PAzo side chains are
perpendicular to the polymer backbone in up- or downward direction. If free azo
molecules are excited, they undergo a trans-cis isomerization that reduces the length
from 90 A to 60 A. If all azo chains flip from trans to cis state, the whole layer would
be expected to shrink in thickness. On the other hand, the on ultrashort timescales
the film cannot expand in plane as demanded by Poisson’s ratio. To verify whether
the layer shrinks or expands, another reference sample was made. It consists of
transparent PSS/PAH multilayers that were interspersed with porphyrin (POR)
dye molecules. Similar to PAzo, POR absorbs in the near UV, but does not change
its structure after excitation. The absorption spectra of both samples are plotted in
figure [6.2l These data do not take saturation at high pulse intensities into account.
For the high intensity pump pulses, the absorption coefficients for 400 nm p-polarized

52



6.3 Data Analysis
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Figure 6.2: The absorption A spectra of POR, PAzo, and Al samples calculated from
transmission 7" and reflection R measurements by A =1— R —T. Both
samples were tuned to have similar absorption at 400 nm wavelength.
These data do not consider the saturation effects that occur at high
pump intensities. The absorption data measured under experimental
conditions are given in table The inset shows the structure of a
porphyrin dye molecule.

light are 14.5% (POR) and 12.8 % (PAzo), respectively.

Metal-Organic Transducer Materials The last set of samples are combinations
of polyelectrolytes and aluminum. As basic idea, an aluminum layer was used as
reflector for the probe light. These samples had identical optical properties seen
from substrate side. In this case, the reflection coefficient 7 in equation [6.4]is fixed
and independent of any transducer material. Thus, the measured Brillouin signals
of these samples allow direct conclusions on the amplitude of the induced strain.
The samples are aluminum covered fused silica substrates, identical to the sample
described first. On this basic structure, layers of polyelectrolytes are added. One
sample is prepared with PAzo/PAH as transducer, covered with transparent layers
of PSS/PAH. The multilayers have a thickness of 68 nm and 15 nm, respectively. An-
other sample is made for reference experiments. It consists of PSS/PAH multilayers
with 75 nm thickness. Possible difficulties with binding hydrophilic polyelectrolytes
to a metal surface are discussed in chapter [3, The absorption coefficients are given
in table [6.1]

6.3 Data Analysis

This section describes the data processing from raw data to a value that quantifies
the induced strain. A pump-probe experiment records the time-dependent transmis-
sion and reflection of a sample. Both contain the signal of Brillouin scattering, so it
is sufficient to focus on the relative change of reflection. The typical beam paths of
a Brillouin scattering experiment are depicted in figure [2.3p. The measured change
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Figure 6.3: Extraction of the oscillation signal, exemplary shown for the POR sample

o4

at a probe wavelength of 730 nm. The raw AR/R, data are plotted as
black line.

(1) Due to the excitation of the electrons at ¢ = 0ps, the dielectric
function changes, causing a strong change of the reflection.

(2) Within few picoseconds (0ps < t < 10ps), the energy dissipates via
electron-phonon coupling into coherent and incoherent vibrations of the
polyelectrolyte molecules.

(3) The signal change due to incoherent vibrations (heat) is represented
by the red line, calculated by smoothing the raw data for ¢ > 10ps.
While the heat dissipates, the change of reflection decays.

(4) After 200 us (repetition rate of the laser), a small amount of heat
is still in the sample, causing the negative offset in the raw data for
t < 0ps.

(5) The excited coherent vibrations describe the hypersound strain waves
that are detectable by time-domain Brillouin scattering (TDBS). They
cause a cosinusoidal oscillation (green line) that is calculated as the
difference between raw data (black) and smooth (red).



6.3 Data Analysis

Transducer Auoo/s00 [70] Structure Thickness [nm]

Al 7.7/ 16.2 Al 52

(PAzo/PAT) /Al 315 / 36,5 | Al (PAzo/PAM),; (PSS/PAH); | 52 + 68 + 15

(PSS/PAH) /Al 10.0 / 27.6 Al (PSS/PAH), 52 + 75

(PAzo/PAH)/(PSS/PAH) 12.8 / - (PAzo/PAH);5 (PSS/PAH)g 68 + 15

(PSS/PAH)+POR 14.5 / - (PSS/PAH)s [POR/PAH 90
(PSS/PAH),); POR/PAH

Table 6.1: Overview of the samples, used for Brillouin scattering experiments. The
absorption coefficients A for 400 nm and 800 nm were determined in the
laser setup with intensities above the saturation limit. Due to saturation,
the PAzo and POR samples actually absorbed less energy of the pulsed
laser light than predicted by the absorption measurements, shown in fig-
ure . Thus, the values given in this table are used for normalization.

of reflection is defined as
AR R — R

R R

The value R = r? is the reflected intensity of the static (unpumped) sample. The
value for the pumped sample contains the contribution of the sound wave r,. It
interferes with the reflection of the static interfaces r/, resulting in a total intensity

(6.1)

R =17+ 1'r,cos ¢ +r2. (6.2)

2

The scattering at the strain pulse is so weak that the term 7

Using this approximation, formula results in

can be neglected.

R—R _r?+r'rcos¢+17—1’ (6.30)
R 72
' —r®  r'rgycos

S (6.3b)

The sum in formula describes the measured signal. The first summand corre-
sponds to the thermal background that decreases slowly for increasing time delay
between pump and probe beam. The second summand contains the information
about the induced strain. A typical measurement and the further signal process-
ing are illustrated in figure [6.3] To extract the oscillation, values before time zero
are neglected. The strong electronic response is also not taken into account. The
thermal background is estimated by smoothing the data over a time window of 200
picoseconds. The difference of raw data and thermal background is the cosinusoidal
oscillation with a period of several picoseconds. Within the observed time delays, the
deviation of r and r’ is below one percent. Assuming both as identical approximates

the second summand in equation to

r'rocos g rgcos¢

(6.4)

72 r

For investigations of amplitude r,/r and phase ¢ of the TDBS oscillation, a fast
Fourier transform (FFT) is done. Figure depicts the application of a low-pass
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Figure 6.4: Determination of the excited phonon spectra, exemplary shown for the
POR sample at 550nm. A fast Fourier transform (FFT) of the noisy
TDBS oscillation data plotted as green line in (a) results in the fre-
quency spectrum plotted in panel (b). The main peak marks the basic
frequency at about 35 GHz. The integral of this peak, subtracted by the
noise background (blue line), is taken as amplitude of the TDBS oscil-
lation signal. A low-pass filter (shaded area) is applied to remove the
contribution of high frequencies from the oscillation signal. The inverse
FFT of these filtered data is plotted as black line in (a).

filter to analyze the phase. It also shows the strong peak of the fundamental oscil-
lation frequency. Within a width of 6 GHz, the peak is integrated to gain a value
of the amplitude r4/r. This FFT amplitude is proportional to the strain [74]. The
noise background is determinded by outlying data that were not considered in the
integral. This process is done for every measured wavelength, typically ranging from
450 nm to 750 nm. The FFT amplitude is proportional to r/r. Hence, the data are
multiplied with the reflection coefficient r of the particular sample (see figure .
Since the measurement is more sensitive for high wavenumbers, the data are divided
by k = 2m /X [45]. This is because the wave trains act as reflection interfaces. On
a given spatial distance (length of the strain wave), the number of wave trains is
higher for high values of k.

For comparison, each spectrum is normalized to the pump intensity. At sufficiently
low pump fluence, a linear correlation of pump power and induced strain can be
assumed [75] [76]. The data proceeding results in an FFT-spectrum that represents
the spectral occupation numbers of phonons in the spectral range that is accessible
with the visible probe light (see fig. . Although the FFT-values are given
in arbitrary units, the identical proceeding of each data set ensures comparability
between all analyzed samples.
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Figure 6.5: Reflection coefficients of interfaces, where the probe beam is reflected:
Al/quartz, PAzo/air + PAzo/quartz, and POR/air + POR/quartz. The
reflection from Al/air interface is neglected due to the very low trans-
mittance of the 52nm Al film.

< fused silica

Figure 6.6: Optical pathways within a sample with high reflecting transducer layer.
Multiple reflections enable Brillouin scattering from front and back side.
Both interfere destructively, resulting in an attenuation of the TDBS
signal.
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Figure 6.7: The fan-like struture in the oscillation data (a) results in a curved de-
velopment of the basic frequency in the FFT plot (b).

6.3.1 Signal Attenuation at High Reflecting Transducers

Highly reflecting transducers enable detectable Brillouin scattering from both sides
of the strain pulse. As sketched in figure the reflection from the transducer
interface probes the strain wave from the back side. Thus, the reflection term in
equation [6.2 expands to

R =r?+ rif + 1212, + 7' g cos dy + 7214, COS By + Ts 755 COS h3 (6.5)

where 1’ is the reflection coefficient of the interface of transducer and substrate. The
reflection coeflicients of the sound wave are rs ; and 4, probed from front (f) and
back (b) side, respectively. Due to very low intensity, second order terms of rg can
be neglected. In analogy to equation the measured signal is proportional to
(75,508 1 + 1215 cos o) /r. The light scattered from the front side undergoes a
phase shift of m. Thereby, both terms interfere destructively. In case of aluminum
(r' 2 0.9), the total oscillation amplitude is reduced up to (1 —7"?) & 0.2. This value
marks the minimum, since the additional phase shifts at the transducer interface only
sum up to zero for normal incidence. All measurements were performed under an
incident angle of 7°, resulting in a signal that is slightly higher than the theoretical
minimum. For a quantitative comparison of the determined phonon spectra, this
effect must be taken into account.

6.4 Results and Discussion

6.4.1 Determining the Sound Velocity of Fused Silica

According to equation the oscillation period rises linearly with increasing probe
wavelength. This results in a fan-like pattern as shown in figure [6.7h. The same
effect is visualized by the FFT plot in figure [6.7p. Here, the frequency dependence
on the wavelength is inverse, which results in a curved development. Both plots
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Figure 6.8: Oscillation period calculated from the FFT data (black). The steps are
caused by the finite resolution of the measurement. The linear fit of the

data (red) yields a sound velocity in fused silica of vs = 6.0nm/ps. The
inset shows the refractive index of fused silica, measured by ellipsometry.

show the data of the POR sample. Since the oscillation period does not depend on
the transducer material but on the substrate, it is sufficient to do the analysis on
this sample. Figure shows the spectral dependence of the oscillation amplitude
T = f~'. It is calculated from the maxima of the FFT data in figure [6.7b. By
transposing equation [2.20] the sound velocity of the fused silica substrate can be

calculated
A

" 2Tsn(\) cosar
The incident angle of the probe light was a = 7°, yielding a sound velocity of

vs = 6.0nm/ps. This value was found for all analyzed samples. It is in excellent
agreement with the value v, = 5.968 nm/ps found in literature [77].

Us (6.6)

6.4.2 Investigations of the Transducer Efficiencies

The following paragraphs treat the investigations of the TDBS oscillation ampli-
tudes. In contrast to the oscillation period, the amplitudes depend on the transducer
material and have to be analyzed separately. The materials aluminum (Al), poly-
electrolytes (PAzo/PAH multilayers and POR-doped PSS/PAH multilayers), and
combinations of both are compared to each other.

Metal Transducer: Aluminum Figures and show TDBS oscillation sig-
nals of an aluminum transducer on a fused silica substrate after smoothing with a
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Figure 6.9: Both plots show TDBS oscillation signals of an fused silica substrate,
excited via an 52nm aluminum transducer. The data were smoothed
by an FFT low-pass filter and shifted for visibility. It is noted that
the scale in (a) is one order of magnitude higher than in (b). Strong
temporal variations of the amplitude indicate noisy data.

low-pass filter. The first measurement applied 800 nm pump pulses with an intensity
of 30.0mJ/cm?. Within a spectral range from 500 nm to 580 nm, clear oscillations
with amplitudes in the order of 5-107% occur. The data at 460 nm and above 580 nm
wavelength are very noisy. They are not considered in the further discussion. In
the second measurement, the same Al sample was pumped with an intensity of
7.7mJ/cm? at a wavelength of 400nm. Compared to the first measurement, the
oscillation amplitude drops to a value of 5 - 107°, because the absorption and the
pump intensity are lower. Clear oscillations are only visible in the range of 540 nm.
The exact values of amplitudes are calculated from the FFT data. Figure|6.10[shows
the FFT amplitude spectra for both measurements. As explained in section the
data are normalized to the pump intensity, the reflection coefficient of the probe
light, and the k-vector. The derived normalized amplitudes are higher for the Al
sample pumped at 400 nm wavelength. This disagrees with the observation that the
absorption of the Al transducer is roughly two times higher at 800 nm wavelength
than at 400 nm (see tab. . One possible reason might be that the intensity of the
800 nm pump beam was above the limit of the assumed linear correlation between
pump intensity and induced strain. The additional normalization to the absorption
as shown in figure [6.10b increases the distance between both curves. Assuming a
linear response to the excitation energy, both curves should be identical. Due to the
signal attenuation for high reflecting samples, discussed in section [6.3.1} especially
the data of the second measurement are very noisy.

Polyelectrolyte Transducers: (PAzo/PAH) and POR-Doped (PAH/PSS) mul-
tilayers The TDBS oscillation signals of the polyelectrolyte transducers are shown
in figures [6.11k and [6.11b. Both samples were pumped at 400 nm wavelength with
an intensity of 7.7mJ/cm?. For the PAzo sample, the TDBS oscillation signal is
very strong between 580 nm and 740 nm wavelength, but it vanishes below 540 nm.
In the maximum at about 700 nm, the amplitude of the AR/ Ry oscillation is slightly

60



-
wn

-
[=}
1

<
(8]
1

6.4 Results and Discussion

=
@
9 0.01 (I,r k-normalized)
E — : : — 800@ Al —
%15' b) —— 400@AI | T
T 10
& ,\‘l “ )‘l III l‘ l “l
' I ‘h” H '-.H”] ]' ' I ‘

5 ?Hrrn" i !‘y"m*lu

o ,.n\.“d,, il A l ’-‘.l” T 1.‘r t"]i”" kl I" 'I“” L) ‘ ' Y \ r’

1 (,r k,A-normalized) '

450 I 560 5%0 GCI)O 6%0 I 760 I 7%0

wavelength [nm]

Figure 6.10: FFT amplitudes of TDBS oscillations induced by an aluminum trans-
ducer. The plot in (a) shows the FFT amplitude, normalized to pump
intensity, reflection coefficient, and k-vector. In panel (b) the FFT data
additionally are normalized to the absorption.
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Figure 6.11: The TDBS oscillation signals in fused silica, induced by PAzo/PAH
Figure (b) shows the data of the POR
sample. All data were smoothed by FFT low-pass filter and shifted for
visibility. For the PAzo sample, no clear oscillations can be extracted
from the AR/R, data for probe wavelength below 540 nm.

multilayers are shown in (a).
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Figure 6.12: FFT amplitudes of TDBS oscillations induced by polyelectrolyte trans-
ducers. The plot in (a) shows the FFT amplitudes, normalized to pump

intensity, reflection coefficient, and k-vector. In panel (b) the FFT data
additionally are normalized to the particular absorptions, given in table

1

higher than 0.5-1073. The measurement of the POR sample shows clear oscillations
across the whole observed spectral range. At 540 nm wavelength, the oscillation am-
plitude has a maximum value close to 1-1073 for the first 150 picoseconds. At later
delay times, the amplitude is almost halved. This indicates a damping of phonons
within the propagation medium. Section treats the topic of phonon damping.
The FFT amplitude plots shown in figure represent the same distributions:
The excited phonon spectra of the PAzo transducer increases from almost zero at
500nm to a value of 3.5, while the POR transducer varies mainly between values of
2.5 and 3.0. Since both samples have similar absorption, the normalization to the
total absorbed energy does not change the relative differences (see fig. [6.12p). The
observed trends depend on optically accessible part of the excited phonon spectrum.
As pointed out in figure it is given by the sample structure, particularly with
regard to the thickness. In section the measured phonon spectra of the PAzo
sample is exemplarily verified by a simulation.

One can conclude that polyelectrolyte transducers work very well on fused silica
substrates in the sense that a TDBS signal can be easily found. Comparing the
calculated phonon spectra of the PAzo and POR samples indicates that there is no
enhancement of strain due to the cis-trans isomerization of the PAzo groups. With
respect to the signal attenuation for the highly reflecting Al samples, the calculated
phonon spectra suggest a similar efficiency of polyelectrolyte and Al transducers in
terms the generation of strain.

Hybrid Materials: Polyelectrolyte Multilayers on Al Figure [6.13b shows the
TDBS oscillations of a fused silica substrate excited by an transducer consisting
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Figure 6.13: The plots show TDBS signals induced by polelectrolyte covered alu-
minum transducers. Excitation of PAzo/PAH multilayers on aluminum
with 400 nm wavelength results in weak oscillation amplitudes. For
800 nm pump wavelength, the polyelectrolytes do not absorb any light,
but act as optical anti-reflection coating. This increases the absorption
(see tab. and enhances the measured signals. Temporal variations
of the amplitude indicate a bad signal-to-noise ratio. All signals are
shifted for visibility.
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Figure 6.14: FFT amplitudes of TDBS oscillations induced by polyelectrolyte-
covered aluminum transducers. The plot in (a) shows the phonon spec-
tra, normalized to pump intensity, reflection coefficient, and k-vector.
In panel (b) the FFT data additionally are normalized to the absorp-
tion, given in table [6.1] The excitation of the PAzo/PAH multilayers
with 400nm pump light (blue lines) generates less strain than using
these layers as transparent anti-reflection coating (red lines).

of an aluminum layer covered with multilayers of PAzo/PAH. When pumped with
13.8mJ/cm? at 400 nm wavelength, only weak oscillations with an amplitude of 1 -
10~* occur in the spectral range of 500 nm to 620 nm wavelength. If the same sample
is pumped with 800 nm wavelength, the PAzo/PAH multilayers do not absorb any
light (see fig. [6.2)). But they act as optical anti-reflection coating. The absorption
increases from a value of A4;./4;1 = 0.16 for an uncovered aluminum film to a value
of Apazoypamyar = 0.37, if PAzo/PAH multilayers are added (see tab. . The
plot in figure shows oscillations with an amplitude close to 0.5 - 1072, but the
signals vanish for probe wavelengths above 580 nm.

The effect of signal enhancement due to anti-reflection coating is verified by an-
other sample: Transparent multilayers of PSS/PAH cover an aluminum transducer
layer that is excited with at 800nm pump wavelength. Here, the absorption is
Apamypssy/a = 0.28. The measured TDBS signal is shown in figure [6.13. The
amplitude of roughly 0.7 - 1072 is slightly higher than the amplitude caused by the
PAzo/PAH covered Al transducer. It is best pronounced in the spectral range from
500nm to 620 nm wavelength. The FFT amplitudes in figure |6.14] show that cov-
ering the aluminum transducer with transparent layers of PSS/PAH achieves the
strongest TDBS signal. This is caused by a reduced reflection due to the refractive
index matching of both materials that increases the absorption. In principle, both
polyelectrolyte/Al samples should give the same response when excited with 800 nm
pump wavelength, because the optical properties are similar and the sample struc-
ture is almost identical. But the FFT amplitudes of both samples differ by a factor
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of 2 (see fig. [6.14). The reason can be found by contemplating figures and
once more. The oscillations of the (PAzo/PAH)/Al sample are more strongly
damped than those of the (PSS/PAH)/Al sample. Whereas the oscillation ampli-
tude of the (PAzo/PAH)/Al sample declines by a factor of 2, the amplitude of the
(PSS/PAH) /Al sample shows almost no change over the observed time window. The
calculation of the FFT amplitudes considers the temporal development. Therefore,
strong damping results in a much weaker FFT signal. But this brings up the ques-
tion to the origin of the two different damping constants. Since both samples base
on identical fused silica substrates, a change of the optical properties must be the
reason. On the other hand, the rotating sample holder ensured identical conditions
with regards on degeneration for every point of the measurement.

The FFT spectra of the (PAzo/PAH)/Al sample pumped at 400 nm wavelength are
shown in figure[6.14p. These FFT amplitudes are smaller than the FFT amplitudes
for the same sample, excited with 800 nm pump wavelength, although the absorption
coefficients at 400nm and 800 nm pump wavelengths are almost identical for this
sample (see table . The energy input is the same, but an excitation of the alu-
minum with 800 nm wavelength results in a roughly 1.5 times higher FFT amplitude
in the spectral range of 500 nm to 550 nm than an excitation of the polyelectrolyte
layer with 400 nm wavelength. At 475 nm probe wavelength, the values even differ by
a factor of 3. These differences can be caused by several reasons. One is the excited
spectrum of phonons. It depends on the structure and the material properties of the
transducer. This will be discussed in detail in section 6.5l Another reason for the
different TDBS signal is the impedance matching of the materials. The impedance
values of fused silica and aluminum are Z;, = 13.1 and Z4; = 17.3. The applied
PAzo/PAH and PSS/PAH polyelectrolyte multilayers both have a much lower value
of Zpr = 3.4 The transmitted and reflected intensities I; and I, of acoustic waves
are defined as

1 717,
I, = ~Zp? = 4], — 2222 6.7
LT gl (Z: + Zs)? (6.7)
1 (Zy — 71)?
I = =702 =], 22— 20 6.7b
91 (Zy + Z»)? (6.7b)

The measured signal is proportional to the strain-induced change of the refractive
index within the propagation material, which is equivalent to the acoustic ampli-
tude [74]. The reflection coefficient is defined as R = /I,./I;,,. For a transition from
aluminum to fused silica, the reflection coefficient is Ry /4 = 0.14. Both materials
match quite well. At the (PAzo/PAH)/Al interface two-thirds (Rpg/ai = 0.67) of
the hypersound intensity are reflected. The strain, initialized in the polyelectrolytes,
has to pass both interfaces. Thus, only 28% of the initial acoustic amplitude can be
detected in the propagation material. This factor would explain the much lower FF'T
signal of the (PAzo/PAH)/Al sample pumped with 400 nm wavelength compared to
the same sample pumped with 800 nm wavelength, both shown in fig. |6.14] But this
is only partly consistent with the measurement of PAzo/PAH on fused silica that
gave a much stronger FFT amplitude (see fig. [6.12b). The interface of PAzo/PAH
multilayers and fused silica has a acoustic reflection coefficient of Rpg/rs. = 0.59. So
41% of the energy absorbed in the PAzo/PAH layer were transformed into TDBS
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Figure 6.15: Measured amplitude of AR/Ry at Aprope = 540nm as function of ab-
sorbed fluence. Open squares mark uncovered Al transducer samples
pumped at 400nm (blue) and 800nm (red) wavelength, respectively.
Solid squares define Al samples covered with polyelectrolyte multilay-
ers (green: PSS/PAH, red: PAzo/PAH). At 800 nm pump wavelength,
both polyelectrolytes are transparent, acting as anti-reflection coating
(ARC). Triangles describe PAzo/PAH multilayers on Al pumped at
400 nm wavelength. Assuming that absorption only occurs within the
Al layer (solid blue triangles), the data points lie closer to the average
(black line).

signal. Comparing figures and shows that both spectra differ in am-
plitude by roughly one order of magnitudd’] The signal attenuation explained in
section contributes at most a factor of 5. Additionally, the slopes of both
phonon spectra are different. Whereas the spectrum of PAzo/PAH multilayers on
fused silica increases with increasing wavelength, the spectrum of (PAzo/PAH)/Al
sample is more or less constant over the whole spectral range.

In contrast, the measurements of (PAzo/PAH)/Al and Al samples show similar
spectral trends (see fig. and [6.10p, but the amplitude is roughly 3 times
higher for the Al sample without cover. This indicates similar structures of the
transducer layers, but different efficiencies for the generation of strain. Both data
match, if one assumes that the PAzo/PAH multilayers do not induce any strain
into the aluminum inter layer. The total absorption is 34.5%, but most of the
400 nm pump light is absorbed within the PAzo/PAH multilayers. The reflection
coefficient of the (PAzo/PAH)/Al interface is 0.9, meaning the Al layer absorbs
roughly 10% of the pump light. If the data shown in figures are normalized to

IThe plots use arbitrary units, but comparability is ensured by identical data proceeding.
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Figure 6.16: FFT amplitude plots of Al and (PAzo/PAH)/Al samples are shown in
panel (a). Both samples were pumped with 400 nm wavelength. The
data are normalized to the absorption values given in brackets. If the
measured spectrum of the (PAzo/PAH)/Al sample is normalized to the
absorption within the Al (red line) instead of the total absorption (grey
line), it shows similar FFT amplitudes as the Al sample (black line)
does. This indicates that the PAzo/PAH multilayers do not induce any
strain into the substrate. The sketch in (b) shows a possible microscopic
structure that prevents an efficient transfer of strain from PAzo/PAH
to the aluminum layer.

the specific absorption of the Al instead of the total absorption value, it reproduces
the FE'T spectrum of the Al sample much better (see fig. [6.16p). This observation is
verified by additional measurements applying different pump fluences. Figure [6.15
gives an overview of the aluminum transducer efficiencies at a probe wavelength of
Aprobe = D40nm. The (PAzo/PAH)/Al sample has lowest amplitudes of the AR/ Ry
oscillation signal, if the total absorption is taken into account. Assuming that only
the light absorbed in the aluminum layer generates strain, the data fit better to the
average value. The conclusion is that the detected acoustic wave is generated by the
aluminum layer and the PAzo/PAH layers do not contribute any strain.

Repulsive forces between the hydrophilic polyelectrolytes and the hydrophobic alu-
minum were observed during the sample preparation. It is conceivable that the
contact area of both layers is limited to few surface defects. This would provide the
effect of an optical anti-reflection coating, but not the propagation of sound waves.
The microscopic structure of such an interface is sketched in figure [6.16p.

In terms of strain generation, one can resume that the excitation of the PAzo/PAH
multilayers on aluminum is less efficient than exciting the aluminum while the
PAzo/PAH multilayers only act as optical anti-reflection coating.

6.4.3 Evidence of an Expansion of PAzo/PAH Multilayers

As shown in figure [6.1h, the inner structure of the PAzo sample consists of azo
groups that are orientated perpendicular to the surface plane. If the excitation
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Figure 6.17: Relative change of reflection for PAzo and POR samples. The data are
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averaged over the spectral range from 720 nm to 740 nm and normalized
to the pump fluence of 7.7mJ/cm?. According to the change of the
dielectric function, the response of AR/Ry is positive or negative. In
case of PAzo, the decay of the initial change of reflection lasts 40 ps.
This may be caused by the excitation of long-living cis-states. After
dissipation of this feature, the TDBS signals of both samples oscillate
in the same phase.
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Figure 6.18: AFM topography measurements of a PAzo/PAH sample after TDBS
experiments. Figure (a) shows the transition from laser excited area
(left) to normal sample surface (right). The development of surface
roughness is plotted above. Pictures (b) and (c¢) show damaged and
undamaged areas with high resolution. FEspecially in the transition
zone between excited and unexcited sample spots, the polyelectrolyte
multilayers detach from the substrate yielding an increase of roughness.

causes the transition from the trans to the cis state, this isomerization would result
in a reduction of the layer thickness. The induced strain and therefore the change of
refractive index, both would be inverted yielding a phase shift of 7 in the oscillations
of the DTBS signal. Since the excitation of porphyrin dye molecules results in
heating that is attended by thermal expansion, the PAzo sample is compared to the
POR sample.

The data shown in figures and suggest that there is no relative phase
shift. For better visibility, the raw AR/Ry data of both samples are plotted in figure
6.17. Both TDBS signals clearly oscillate in the same phase. Since the refractive
indices of the polyelectrolyte multilayers npa.o pan =~ 1.65 and npss/pag ~ 1.55
are both higher than the refractive index of fused silica 1 fysedsitica = 1.45, a relative
phase shift caused by static reflections can be excluded. So the measurements indi-
cate that both materials expand. One has to assume, that the majority of the azo
groups does not switch into cis-state. This may be caused by a lack of free volume
within the multilayers, or by the covalent bonding to the polymer backbone.
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Figure 6.19: AFM topography measurements of a (PSS/PAH)+POR sample after
TDBS experiments. Figure (a) shows the transition from laser excited
area (left) to normal sample surface (right). The development of surface
roughness is plotted above. Pictures (b) and (c¢) show both areas with
high resolution. The laser excitation prohibits the attachment of dusk
particles ("dots’ in (a)). But it increases the surface roughness of the
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6.5 Simulation of Lattice Dynamics

6.4.4 Degeneration of Polyelectrolyte Transducers

Due to their strong absorption, multilayers of polyelectrolytes are applicable as
transducers at low excitation energies. Pretests showed that intensities above 10 mJ/cm?
destroy PAzo/PAH multilayers within several minutes. At lower pump power, the
sample endures measurement of few hours duration. However, even this results in
visible surface modifications. These modifications are analyzed by AFM topogra-
phy measurements. Since the sample is rotated during the measurements, the pump
beam writes lines. Figure shows center and border area of such a line. The
laser excitation results in a reorganziation of the PAzo/PAH multilayers. In the high
resolution picture (fig. ) holes and cracks are visible. The surface is very rough,
giving an RMS value of 11 nm. Figure [6.18b shows an unpumped area. Here, the
RMS value is only 2nm. The RMS value does not trace the Gaussian beam profile
of the pump pulse. So the damage is not proportional to the energy. Reorganization
of the structure occurs, if a critical energy is reached. This energy may refer to the
melting point of the polymers.

Measurements on the reference POR sample caused also permanent changes that
were visible by eye. But the surface topography in figure shows almost no
differences between pumped and unpumped areas. Many particles with roughly
1 um diameter are concentrated in the unpumped area, whereas only few can be
found in the pumped one. The particles are probably dust particles that stick
better to the untreated surface. Nevertheless, the roughness is slightly higher for
laser pumped area. The reason is found in figure [6.19c. Many particles with a
height of roughly 30 nm cover the surface and increase the RMS value to 7nm. The
particles may be polymer aggregates that were formed by thermal processes. A scan
of the unpumped area does not show these particles (see fig. ) The surface is
smoother with an RMS of 6 nm.

Comparing both samples, the POR sample seems to be more resistant to laser
excitation than the PAzo/PAH sample. It is possible that the isomerization of the
azo molecules is relevant for the reorganization of the PAzo/PAH multilayer films.
If the excitation of PAzo/PAH layers generates the structures visible in figure mc
instantaneous, the inhomogeneous layer thickness would not release well-defined
strain pulses and the TDBS signal would decreases.

6.5 Simulation of Lattice Dynamics

In the previous section, optical measured TDBS signals were used to calculate the
spectra of the excited phonons. The phonon spectra measured by the Fourier-
transferred signals are given by the dynamics within the sample that are induced
by the pump laser. For most materials, the strain wave is more complex than the
ideal bipolar strain wave as introduced in section [2.2] If transducer and propagation
medium are not impedance matched, multipulses occur and the related phonon spec-
trum becomes more structured [45]. The shape of the strain wave also depends on
the excitation profile that is given by the absorption characteristics of the transducer
layer.

The dynamics within the layered system can be simulated. For this and other lattice-
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Material Density [kg/m?| | Sound velocity [nm/ps| | Impedance [10° Ns/m?]
Al 2700* 6.4* 17.3
PAzo/PAH (1000) 3.1 31
PSS/PAH (1000) 34 34
Fused silica 22007 6.0 13.2

Table 6.2: Material properties of hypersound transducer and propagation materials.
Density values in brackets are estimations that base on bulk polymers.
Values, marked by (*) are taken from literature.

dynamics related applications, the udkm1Dsim toolbox was developed in the UDKM
group [78]. It is based on a linear chain model of masses and springs. Each mass
represents a unit cell that interacts with its neighbors via a spring. Both parameters,
mass and spring constant, describe the materials. With known sample structure,
the time-dependent distribution of strain and the related phonon spectrum can be
calculated.

Impedance Matching Excitation induces stress within the transducer layer. It
expands and compresses the adjacent layers. How much of the strain amplitude
is transferred from the transducer layer to the adjacent medium depends on both
materials. The reflection coefficient for acoustic waves at an interface is defined as

27

r=—_-—".
Zo+ 24

(6.8)
The impedance Z is determined by the product of density and sound velocity Z =
pvg. If the adjacent material has a lower impedance, the reflection coefficient is
negative and a phase shift occurs. Thus, expansion turns into compression and vice
versa.

Excitation Profile The law of Beer-Lambert predicts an exponential decline of
the pump laser intensity, yielding a inhomogeneous excitation profile within many
transducer materials such as SRO, LSMO and other perovskites [79, [80]. However,
in elemental metals, the coupling time of hot electrons to the lattice is the order of
2 ps [81]. Within this time, the electrons diffuse about several hundreds nanometers
[82]. Thus, the absorption profile is exponential, but the resulting heat distribution
is homogeneous.

In polyelectrolytes, a nearly homogeneous excitation is caused by bleaching. The
observed values of absorption at 400 nm were about 2.5 times lower in the pump-
probe setup than expected from UV-VIS spectroscopic measurements (compare tab.
and fig. [6.2). Even very thick samples of one micron PAzo/PAH multilayers
transmit parts of the 400nm pump laser. In saturation case, every molecule is
excited. This results in an almost homogeneous excitation profile.

Generation of a Strain Wave In the ideal case, transducer and propagation ma-
terial are perfectly impedance matched. Thus, excitation of the transducer would
result in a single, bipolar strain pulse that consists of a compressive part, followed
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Figure 6.20: Generation of multiple strain pulses. The time is normalized to the
duration, a sound pulse needs to cross the transducer layer.

by an expansive part. But most samples have a mismatch between transducer and
propagation medium (see tab. . This causes multiple reflections of the strain
wave between both transducer interfaces. At the air interface, virtually all strain
is reflected, undergoing a phase shift. At the substrate interface, a fraction of the
strain is transmitted into the fused silica at each cycle (see equ. [6.7p). The other
part is reflected according to equation [6.8]

The temporal development of the strain wave is sketched in figure [6.20b. In the
beginning, the compression part (¢ < 0) enters the substrate. It is followed by an
expansion (e¢ > 0) that consists of two parts. Part one is the former compression,
reflected and phase shifted at the air interface. The second, weaker part is the initial
compression after one full cycle within the transducer layer.

6.5.1 Example: PAzo/PAH sample

The PAzo sample, discussed in section [6.4]shall be taken as example. Its structure is
schematically shown in figure . The transducer layer of PAzo/PAH is covered
by a thin layer of PSS/PAH. This cover acts as spacer to the air interface. Thus, the
excited strain profile is interrupted by sections with e = 0. This can be seen in figure
for a delay time of 50 ps. At 150 ps delay time, the simulation shows the same
temporal development as sketched in figure [6.20L However, the simulation considers
damping of the phonons. Since the damping is proportional to the k-vector, high
order structures vanish and the strain profile becomes smoother over time. The part
with e = 0 disappears within 150 ps.

Figure [6.21fc shows the associated phonon spectrum that is represented by the FFT
of the simulated strain profile. It consists of a double peak that declines strongly
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Figure 6.21: The simulation treats a PSS/PAH-capped PAzo/PAH transducer on a
fused silica substrate (a). After excitation, strain waves propagate into
the substrate (b). The stimulated phonon spectrum as shown in c).
The measured data (red) are reproduced by the second maximum. The
damping of phonons with high k-vector is higher than for phonons with
low k-vector. Thus, discrete features of the strain profile vanish (e.g.
the € = 0 step between compressive and expansive part).

at Q ~ 0.03 - 10°m~!. This decrease occurs in the part of the spectrum which is
accessible by TDBS with visible light. The measured PAzo data, shown in figure
6.12] are normalized to the value of the side peak and translated to ()-scale. The
overlap of data and simulation confirms the applied values in table as well as
the assumed sample structure.
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7.1 Gold Nanoparticles

Characterization of Gold Nanorods Gold nanorods with three different aspect
ratios were characterized by SEM and AFM. The particles were deposited on poly-
electrolyte multilayers of PAH/PSS. Optical measurements showed two localized
surface plasmon resonance (LSPR) peaks, related to the longitudinal and transverse
plasmons, respectively. The longitudinal LSPR shifts strongly to the red, if the par-
ticles are fully embedded into polyelectrolytes. The transverse LSPR shift is much
weaker. Both shifts can be qualitatively explained with the Maxwell-Garnett effec-
tive medium theory using the particles’ dielectric function taken from the literature,
the dielectric function of the surrounding measured by ellipsometry, and the shape
factor u of the particle. The shape factor depends on the aspect ratio of the particles
measured by SEM and is different for each particle axis. Quantitatively agreement
can be achieved only by adjusting the dielectric function of gold nanoparticles. It
was determined experimentally in the observed spectral range within the Maxwell-
Garnett approximation and compared to the dielectric function of bulk gold. The
dielectric function of particles shows a shift to higher values compared to bulk gold
as expected from the lower electron density of the nanoparticles near their surface.

Determining the Range of Interaction The stepwise covering of GNRs with
monolayers of polyelectrolytes enabled recording the absorption characteristics as
a function of the cover layer thickness. All observed curves showed saturation be-
havior depending on the particle sizes. The values of saturation mark the range of
interaction. Small GNRs saturate at lower cover thickness than bigger ones. How-
ever, each particle has at least two values of saturation. The shift of the transverse
LSPR peak saturates roughly at the same cover thickness as the increase of absorp-
tion does. The peak shift of the longitudinal LSPR saturates at a value that is close
to the half of the particles length.

Modeling a Gold Nanoparticle in an Inhomogeneous Environment The environ-
ment of an uncovered or partially embedded particle consists of two phases: polymer
and air. To calculate the LSPR analytically, the effect of both media was modeled
by one effective average dielectric function. To this end, each volume fraction was
weighted by the electric field intensity of the light induced dipole and multiplied with
the dielectric function of the respective medium. The best agreement is achieved
when the GNRs were reduced to spherical calottes which is also suggested by the
SEM images. The environment of the cylindrical middle part could be neglected,
since the dipole field concentrates at the particle’s ends. With the values of the
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SEM and AFM characterization measurements, and the calculated dielectric func-
tions, the model reproduces the measured LSPR with excellent agreement.

7.2 Picosecond Acoustics

Time-Domain Brillouin Scattering Experiments Pump-probe experiments mea-
sure the interaction of light with phonons (Brillouin scattering). Phonon wave pack-
ets were generated by ultrafast laser excitation of different transducer materials. The
propagation of these phonon waves within the medium (fused silica) generates oscil-
lations of the white light probe pulse in the gigahertz range, caused by interference
of light, reflected at the hypersound wave and at the sample’s interfaces.

Comparing Aluminum and Polyelectrolytes as Transducer Materials A vapor
deposited aluminum film was compared to layer-by-layer deposited polyelectrolyte
multilayers. Both materials were applicable as transducers and showed clear time-
domain Brillouin scattering (TDBS) oscillations. The measured signals of the poly-
electrolyte transducers (PAzo/PAH) and (PSS/PAH)*POR) were even stronger than
the signal of the Al sample. This was caused by signal attenuation due to destructive
interference that especially occurred for high reflecting materials such as Al. How-
ever, the organic polyelectrolyte films had a lower damage threshold than aluminum
layers. Samples, containing the polyelectrolyte PAzo tended to reorganize due to
laser excitation which necessitated a continuous change of the probed spot dur-
ing the measurements. Multilayers of PSS/PAH doped with porphyrin dye (POR)
were more stable. The speculation that PAzo/PAH multilayers shrink in thick-
ness due to trans-cis isomerization, could be disproved by comparing the TDBS
signal of PAzo/PAH and (PSS/PAH)*POR samples. Both signals showed similar
TDBS oscillations. The absence of a relative phase shift confirms that both poly-
electrolyte transducer materials expand due to laser excitation. Furthermore, the
slightly weaker TBBS oscillation amplitudes of the PAzo/PAH sample compared to
the POR sample demonstrate that the azo groups do not contribute to the induced
strain via mechanical isomerization processes.

One can summarize that polyelectrolyte multilayers as well as aluminum can be used
as transducer materials for picosecond acoustics. The advantages of the polyelec-
trolytes are the fast and easy attachment to hydrophilic surfaces, and their trans-
parency for most of the visible light. But the pump fluence is limited to roughly
10mJ/cm?, to avoid a fast degeneration of these layers.

Quantification of the Induced Strain It was not possible to determine a reliable
value for the strain amplitudes within the fused silica substrates, induced by alu-
minum or polyelectrolyte transducer layers. The measured TDBS signals depend
on the strain amplitude, but also on the optical properties that were not uniform
for these samples. To reduce the parameters, new samples were introduced. The
samples consist of different transducer materials, but the optical properties are iden-
tical when probed from substrate side. This was provided by an highly reflecting
interlayer of aluminum. Unfortunately, the quantitative comparison of the strains
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induced by PAzo/PAH mulitlayers and Al film gave results, that were not consis-
tent with the results of the investigation of PAzo/PAH multilayers on fused silica
substrate. The insufficient attachment of the polyelectrolyte transducer at the Al
interface was identified as reason for the inhibited transfer of strain. However, the
polyelectrolyte layers acted as optical anti-reflection coating and increased the effi-
ciency of the Al transducer.

7.3 Future Prospects

Field Enhancement Due to GNRs The properties of gold nanorods are well-
understood. The choice of the surfactant adjusts the surface charge, so that other
charged molecules or particles can attach to the particles’ surface. The strong field
enhancement in the GNR’s environment will be used for SNOM measurements on
single particles (e.g. quantum dots).

GNRs for Sensing Application If the dielectric function of the surrounding medium
changes, the LSPR of the embedded GNRs shifts. GNRs bonded to a polyelectrolyte
surface can be used as detector to determine the dielectric function of an adjacent
medium, especially liquids and gases.

Another application is the detection of strain. The compression of a medium in-
creases its density and therefore the dielectric function changes. This effect will be
exploited to quantify the strain, induced by picosecond acoustic transducer layers.

Optimized Samples for Picosecond Acoustics Experiments The quantification
of transducer-induced strain can be carried out by time-domain Brillouin scatter-
ing experiments. On the one hand, the optical barrier layer of aluminum can be
modified (e.g. by plasma cleaning) to improve the acoustic coupling between the
polyelectrolyte transducer layer and the aluminum. On the other hand, the optical
barrier can be made of another probe light absorbing material (e.g. dye-labeled
polyelectrolytes).
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8 Appendix

Weighted Volume of a GNR

To calculate the weighted volume V” of a particle’s environment, each volume frac-
tion dV is multiplied by the intensity E? of the induced electric dipole field. The
integrated value is normalized to the intensity of the external electric field EZ.

1
Vi=— [ B?dV (8.1a)
Eg
1%
2 3cos?h+1
E2:( b ) : 1b
47eg 76 (8.1b)

In spherical coordinates, the integral of equation is calculated as follows

2 2 1
v':///(f ) 2 sin g dr do g (8.22)
TEY r

_ 0(4?:6:)2 9/ ¢/ / 7Sinez7ism(39) drde de (8.2b)

_ (477:60>2//—(7sin0+3sm(39)> {#quﬁd@ (8.2¢)
0 ¢

_ (471:6())29/—(7sin9—|—?>sin(39)) L—;H¢Lde (8.2d)

- (4 f€0>2 {7 cos + cos(39)} 9 {%} r M ) (8.2¢)

Spherical Calotte as Cap of a GNR

To calculate the polymer fraction of the particle’s environment, the total weighted
volume is split into two parts: V. and V. _ . The first part describes the (infinite)
half space of polymer, in which the particle is subsided. The second part is the
cover layer, that embeds the particle completely. Table lists the intervals of the

parameters r, ¢, and 0 that are necessary to determine the value of V',
In the special case of R. = R, the spherical calotte is a half sphere. So the following
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V' v 3 ;
Vi | 00 | —eos () cost () [sin! () = cos! (V)
Viwer | R—H 0 — 21 0 — cos™! (VR#)
Viotar | B — 00 0— 27 0 — cos™! <@>

Table 8.1: Intervals of parameters in spherical coordinates

formulas for V' are also applicable to spherical particles.

Voutks = <4:€0>2 {7 R‘%H_ s — sin <3Sin_1 #) —T\/1— %
— CoS <3 sin™! %)} {— 1223] {2 cos ! <%>}
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Cylindric Part

In cylindrical coordinates, the integral of equation is

V’:///<4f€0)2~ri6rdrd¢dz
: b T

@[ [

= (im) [ gl [e], [

(8.3a)

(8.3b)

(8.3¢)

(8.4a)

(8.4b)

(8.4¢)

As described for the spherical caps, the surrounding volume is split into two parts.

The intervals are given in table |8.2]
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%4 r 10) z
Viw | H— oo | —cos™ (%) — cos~ ! (%) 0— L
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Table 8.2: Intervals of parameters in cylindrical coordinates

The values of V' for the cylindrical middle part of the GNRs are

= () Tal o ()1

2 (8.5a)
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/ p N2 1 1
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8 Appendix

List of Abbreviations

A - absorption
AFM

Al

BBO

CTAB

DL
FFT
FWHM
GNR
GNS

ITO
LbL
LSMO
LSPR
PAH

PEI
PAzo

PE

POR
PSS

SEM
SRO

TDBS
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Atomic force microscope
Aluminum (transducer layer)
Beta-barium borite
Cetrimonium bromide

Double layer

Fast Fourier transform

Full width at half maximum
Gold nanorod

Gold nanosphere

Indium tin oxide

Layer-by-layer

Lanthanum strontium manganite (LaSrMnOj)
Localized surface plasmon resonance
Polyallylamine hydrochloride

Polyethylenimine
Poly|[1-[4-(3-carboxy-4-hydroxyphenylazo)
benzenesulfonamido|-1,2-ethanediyl, sodium salt
Polyelectrolyte

Porphyrin

Polystyrene sulfonate

Reflection

Scanning electron microscope
Strontium ruthenate (SrRuOs)
Transmission

Time-domain Brillouin scattering
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